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INTRODUCTION

Prostate cancer is an androgen-driven disease. In the absence of
testosterone or related androgens which can serve as ligands for the androgen
receptor, the secretory epithelial cells of the prostate undergo rapid programmed
cell death (1). Current treatment for metastatic adenocarcinoma of the prostate is
predicated on the cell death inducing effects of anti-androgens and hormone
ablative measures which reduce endogenous production of androgens.
However, nearly all hormone-dependent prostate cancers eventually relapse as
fatal hormone-independent disease (2).

Multiple, still largely unidentified mechanisms may account for the
complete independence or reduced dependence of prostate cancers on androgens
(reviewed in (3-5). AR gene deletion and sequestration of AR in the cytoplasm
have been described in some hormone-independent tumors, implying that
genetic alterations associated with tumor progression can abrogate the necessity
for AR in some cases. However, many tumors may rely on other strategies
which allow cancer cells to grow in low concentrations of androgens, including
AR gene amplification or over-expression (6, 7) and AR mutations which permit
trans-activation of target genes with little or no requirement for steroid
hormones (1, 2). Since most hormone-insensitive prostate cancers still retain a
wild-type AR, presumably alterations in the factors that control the levels of AR
and its function play a major role in resistance to anti-androgen and hormone
ablative therapies. Thus, a need exists to understand more about the molecular
mechanisms that govern the activity of ARs.

Upon binding steroid ligands, the AR undergoes a conformational change,
translocates to the nucleus and binds to specific DNA sequences located near or
in promoter regions of target genes. After binding DNA, the receptor interacts
with components of the basal transcription machinery and sometimes sequence-
specific transcription factors, resulting in positive or negative effects on gene
transcription (3, 4). A number of proteins-have been identified which associate
with hormone-receptor complexes, including several heat shock family proteins
and various types of transcription co-activators (reviewed in (5, 6)). However,
many details remain unclear as to the molecular mechanisms by which these
proteins modulate the activities of steroid hormone receptors and even less is
known about whether alterations in their expression or function might contribute
to the deregulation of steroid hormone responses in prostate cancer. :

In this proposal, we describe experiments designed to explore the
biological significance and molecular mechanisms by which AR is regulated by
BAG-1 family proteins. BAG-1 is a novel Hsp70-family binding protein cloned in
our laboratory. We have discovered that an isoform of this protein, BAG-1L,
forms complexes with AR and potentiates the activity of this steroid hormone
receptor, allowing it to transactive target genes with 100-1,000 x lower
concentrations of dihydrotestosterone. We have also determined that BAG-1 and
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BAG-1L are expressed in most prostate cancers. Our goals have been to define
the overall significance of BAG-1 family proteins on AR responses in prostate
cancers and to delineate the mechanisms by which these Hsp70-binding proteins
control the function of AR and other steroid hormone receptors of relevance to
prostate cancer cell growth, differentiation, and survival. These studies may
reveal new strategies for improving androgen ablation therapy and attacking
hormone-refractory metastatic prostate cancer.
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1. BODY

1. Funded Objectives:
The original funded objectives of the cycle I and II projects were to:

1. Determine the expression and location of BAG1 and BAGIL in primary
and metastatic prostate cancers.

2. Study consequences of ablation of BAGI and BAGIL expression in
prostate cancer cell lines.

3. Examine in vivo effects of BAG] and BAGIL on the androgen-dependence
of the normal prostate gland.

4. Determine whether BAGIL control the sensitivity of human prostate
cancer cell lines to anti-androgens and to vitamin D3 analogues.

5. Examine the structural features of BAGIL that are required for its
modulation of steroid hormone receptors.

Objective #1. Determine the expression and location of BAGI and BAGIL in
primary and metastatic prostate cancer.

This aim was accomplished. We generated monoclonal antibodies that recognize
the BAGI and the BAGIL proteins. We determined that BAGI is cytosolic while
BAGIL is nuclear. Using these monoclonal antibodies in conjunction with
immunohistochemical methods and archival paraffin-embedded prostate cancer
specimens, we evaluated the expression of the nuclear (BAGIL) and cytosolic
“ (BAGI) proteins in over 800 cases of prostate cancer. Comparisons were made
with BAG1 immunostaining results in normal prostate and benign prostatic
hypertrophy. Tissue microarray technology was exploited for much of this
analysis, permitting us to analyze large numbers of tumor specimens.

Compared to normal prostate, cytosolic BAG1 immunosfaining was elevated in
746 of 876 (85%) of prostate cancers. Nuclear BAG] immunostaixﬁng (BAGIL)

Wwas inappropriately increased in 171 of 676 (25%) of prostate cancers, compared
to normal prostate gland epithelium. Clinical follow-up data or other types of

phenotypes. For example, in a cohort of 62 patients with early-stage (T1,T2)
disease and low Gleason grade (gr 2-6), higher percentages of BAGI
immunopositive tumor cells were associated with higher PSA levels prior to
radiation therapy (p= 0.05), and with a higher incidence of distant metastases
after therapy (p = 0.05). Higher intensity BAG1 immunostaining was also
associated with a higher incidence of metastatic relapse after radiation therapy (p
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< 0.0001). In addition, immunohistochemical analysis of 722 prostate cancer
specimens in a microarray format revealed higher percentages of BAGI
immunopositive cells in tumors (n= 722) compared to normal prostate (n=54),
mean + SE: 41 + 3% normal versus 78 + 1 % cancer (p< 0.0001). An association
was also identified between higher percentages of BAG1 immunopositive tumor
cells and locally advanced disease (p = 0.05) (n = 625 patients) and with hormone
refractory disease (p<0.001) (n = 263 patients). Higher percentages of tumor
~ cells with nuclear BAGl-immunostaining (BAGI1L) as well as higher intensity
nuclear BAGI staining were also associated with hormone-refractory disease in
microarrays: p<0.001 and p<0.0001, respectively (n=263). Higher intensity BAGI
nuclear immunostaining was also correlated with hormone-refractory (HR)
disease in a cohort of 92 prostate cancer patients with locally-advanced disease
who were treated with anti-androgen therapy prior to surgery (50% vs 9% HR;
p<0.001).

From these observations, two conclusions can be reached. First, tumor-specific
increases in BAG1 and BAGIL levels commonly occur in prostate cancers.
Second, immunohistochemical analysis of BAGI (cytosolic) and BAGIL (nuclear)
expression may provide prognostic information about prostate cancer patients,
including information about progression to hormone-refractory disease.

Objective #2. Study consequences of ablation of BAG1 and BAGIL expression in
prostate cancer cell lines.

This aim was partially accomplished. We originally proposed to use both
antisense methods and expression of dominant-negative mutants to ablate
expression or function of BAG1 and BAGIL in prostate cancers.

With respect to antisense experiments, we attempted to ablate expression of
BAG1 and BAGIL using antisense methods, including expression plasmids
encoding antisense transcripts and synthetic oligonucleotides. However, this
proved to be extremely difficult, due to the long half-life of the BAG1 and
BAGIL proteins. For example, even if BAG1 mRNA was effectively degraded by
synthetic antisense oligonucleotides possessing RNaseH activity, the BAG1
protein survived for at least a day, thus making it difficult to sustain reduction in
mRNA long enough to effect a decline in protein.

With respect to dominant-negative mutants, we expressed mutants of BAGI or
BAGIL which lack the C-terminal domain required for Hsc70-binding, so-called
AC mutants. Our efforts focused on assessing the impact of these trans-dominant
inhibitory mutants of BAG1 and BAGIL on function of the Androgen Receptor
(AR) and Vitamin D Receptors (VDR) in prostate cancer cell lines. These studies
revealed that BAGIL(AC) suppresses the functions of the AR and VDR,
preventing it from transactivating reporter genes in transient transfection
reporter gene assays. These results were published (8-10). (SEE APPENDIX).
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Thus, we conclude that BAGIL is required for optimal activity of AR and VDR in
prostate cancer cell lines. :

Objective #3. Examine in vivo effects of BAGI and BAGIL on the androgen-
dependence of the normal prostate gland.

This aim was partially accomplished. We generated transgenic mice expressing
BAG1I or BAGIL under the control of a probasin promoter to achieve elevated
Jevels of expression of these proteins in the prostate gland, thus setting the stage
for in vivo studies. Expression constructs were prepared and tested by transient
transfection in prostate cancer cell lines in vitro before progressing to transgenic
mouse production.

The expression constructs were prepared by excising HindIII-Spel fragments
from pcI-NEO-BAG1 and pcI-NEO-BAGIL, thus obtaining human BAGI and
BAGIL cDNAs fused at the 5’ end with the 5'untranslated region and an intron
from the b-globin gene and at the 3’ end with a polyadenylation signal sequence
from the SV40 small t antigen gene. These fragments were subcloned into the
HindlIII and Spel sites of pBluescript SKII+. The resulting plasmid was digested
with HindlIll, treated with Calf Alkaline Phosphatase (CIP), and a HindIII
fragment containing the rat probasin promoter was inserted, to produce the final
constructions (Figure 1).

probasin BAG1L
Apal | Spel

ntron
—H Probasin 'I"——‘|'ATG BAGTL ‘ PA _'I_

Hindlll ;
Hingdlll EcoRl Xhol/Sall
probasin BAG1

Apal }Intron Spel
-I-I Probasin -I———‘IATG BAG1 ‘| PA +

Hindlll Hindill EcoRl Xhol/Sal!

To produce transgenic mice, the probasin-BAGI and probasin-BAGIL cassettes
were excised from the plasmid by digestion with Apal and Spel, gel-purified,
and microinjected into mouse oocytes, which were then transferred into the
oviducts of pseudopregnant female recipient mice. From multiple injections, we
obtained four founder lines containing the BAGIL and two founder lines
containing the BAG1 constructs, as determined by PCR analysis of tail DNA. For
PCRs, DNA was amplified using a forward (5'-
AAGCACGACCTTCATGTTACC-3") and a reverse (5’-
CCGGCAACCATCTTGTATTCC-3’) and 30 cycles of 94°C X 1 minute, 55°C x 1
minute, and 720C X 2 minutes. :
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To examine expression of the transgene in the prostate glands of male mice, we
sacrificed mice at > 2 months age, dissected out the prostate gland and prepared
a tissue homogenate using RIPA buffer. The resulting extracts were normalized

for total protein content (20 ug per sample) and analyzed by SDS-.

PAGE/immunoblotting using our anti-BAG1 monoclonal antibody, KS6C8.
Western blotting revealed an endogenous band corresponding to mouse BAGI,
which varied widely in levels among male mice. As a control, in vitro translated
human BAG1, BAGIM, and BAGIL were run in the same gel, as mobility
markers for assessing transgene expression. Elevated levels of BAGIL were
found in progeny of two of the four founder lines. Progeny from the two BAG1
founders did not contain elevated levels of BAG1 protein, suggesting that the
insertion site of the DNA constructs may have been unfavorable for achieving
high levels of prostate expression. Reprobing the blot with an antibody
recognizing b-actin confirmed loading of approximately equivalent amounts of
protein lysates from each sample.

BAG1L BAG1

r . |
2a 2a4 2bC3 2 32 J

BAG1L
BAG1M

<] BAG1

actin

Using the BAGIL over-expressing mice, we are now poised to perform the
proposed in vivo experiments. However, it has taken twice as long as
anticipated because our original colony of transgenic mice was swiped out by a
mouse poxvirus infestation that plagued our institute’s vivarium.

10
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Objective #4. Determine whether BAGIL controls the sensitivity of human
prostate cancer cell lines to anti-androgens and to vitamin D3 analogues.

We accomplished this aim with respect to vitamin D3 analogues. After achieving
stable expression of BAGIL in VDR-expressing prostate cancer cell lines, we then
tested the effects on prostate cancer cell proliferation and apoptosis of exposure
in culture to 1,25 (OH)2 -Vitamin D3 (VD3) and two synthetic analogs of VD3
that have reduce hypercalcemic effects. We found that elevated levels of BAGIL
increased the sensitivity of VDR-expressing prostate cancer cells to the growth
inhibitory and proapoptotic effects of VD3 and VD3 analogs. Further, we
dissected the apoptotic mechanism, and demonstrated that VD3 triggers a
mitochondrial pathway for apoptosis, involving release of cytochrome ¢ from
mitochondria, activation of caspases-9 and -3, and cleavage of downstream
caspase substrates such as PARP. These events were associated with a decline in
levels of three anti-apoptotic Bcl-2 family proteins, Bcl-2, Bcl-XL, and Mcl-1,
without reductions in pro-apoptotic proteins Bax and Bak. In contrast to VDR-
expressing prostate cancer cell lines, none of these growth inhibitory or pro-
apoptotic effects were seen in VDR-negative prostate cancer cells. These findings
were published (11) (SEE APPENDIX).

Objective #5. Examine the structural features of BAGIL that are required for its
modulation of steroid hormone receptors.

This aim was accomplished. We performed a structure-function analysis of the
BAGIL protein, mapping the domains necessary for its stimulatory effects on
AR. These studies demonstrated that the N-terminal first 50 amino-acids of
BAGIL are critical for nuclear targeting of this protein and for its functional
collaboration with AR. Fusing an exogenous nuclear targeting sequence onto the
shorter BAG1 protein, which lacks this N-terminal unique domain, failed to
reconstitute AR-stimulatory activity, though it did result in nuclear targeting of
the shorter BAG1 protein. Thus, the N-terminal unique domain of BAGIL
appears to be required both for AR co-stimulatory activity and for nuclear
targeting. The C-terminal Hsc70-binding domain of BAGIL was also determined

to be essential for enhancing AR function. Thus, BAGIL must retain its ability to -

bind Hsp70 to function as an enhancer of AR function. These results were
published (10) (SEE APPENDIX). In addition, we collaborated with Dr. K Ely to
solve the 3 dimensional structure of the Hsp70-binding domain of BAG1 (12). -

2. Key Research Accomplishments

Discovered that approximately one-third of human prostate cancers over-
produce the BAGIL protein.

11
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Demonstrated that BAGIL but not BAG1 binds and collaborates with the
Androgen Receptor (AR) to induce AR-responsive genes.

Mapped the relevant region of BAGIL to the N-terminal 50 amino-acids, which
is uniquely found in BAGIL and not present in BAGI.

Demonstrated that the AR cannot be completely suppressed by anti-androgen
drugs if BAGIL levels are high.

Demonstrated that BAGI1L collaborates with the Vitamin D Receptor (VDR) to
induce VDR-responsive genes.

Showed that VDR-induced cell cycle arrest and apoptosis are enhanced by
BAGIL.

Elucidated the mechanism by which VDR-agonists induce apoptosis of prostate
cancer cells, showing that a mitochondrial pathway is activated in concert with
down-regulation of expression of anti-apoptotic members of the Bcl-2 family.

3. Reportable Outcomes

Publications: Five full-length peer-reviewed publications resulted in whole or
part from the funding provided by this grant:

Froesch, B.A., Takayama, S., and Reéd, J.C. BAG-1L protein enhances androgen
receptor function, J. Biol. Chem. 1273:11660-11666, 1998.

Guzey, M., Takayama, S., and Reed, J.C. BaglL enhances trans-activation
function of the vitamin D receptor, J. Biol. Chem. 275:40749-40756, 2000.

Knee, D.A., Froesch, B.A., Nuber, U., Takayama, S., and Reed, ].C. Structure-
function ana]ys1s of Bag-l proteins effects on androgen receptor transcrlptlonal
activity, J. Biol. Chem. 276:12718-12724, 2001.

Guzey, M., Kitada, S., and Reed, J.C. Apoptosis induction by 1a,25(0OH), in
vitamin-D; prostate cancer cell lines. 2002.

Briknarova, K. Takyama, S., Brive, L., Harvert, M.L., Knee, D.A., Velasco, J.,
Homma, S., Cabezas E., Stuart, J., Hoytt, D.W., Satterthwait, A.C., Llinas, M.,
Reed, J.C., and Ely, K.R. Structural analysisof interactions between BAG-1 co-
chaperone and Hsc70 heat shock protein. Nature Struct. Biol.8:349-352, 2001.

Abstracts describing our work were also accepted for presentation at
international meetings, including the annual meeting of the Amer. Assoc. Cancer

12



DAMD17-98-1-8584

Res (AACR) and Endocrinology Society. Some of these were published, as listed
below. ‘

Knee, D.A., Krajewski, M., Krajewska, M., Clevenger, C., Reynolds, C., Reed, ].C.:
BAG-1 and estrogen receptor function in breast cancers. Proc. Am. Assc. Cancer
Res. 40:305, 1999.

Takayama, S., Xie, Z., Reed, J.C.: An evolutionarily conserved family of Bag-1-
like HSP70/HSC70 molecular chaperone regulators. Proc. Am. Assc. Cancer Res.
40:168, 1999. ,

Knee, D. A., Kudoh, M., Reed, J. C.,; Bag-1 and estrogen receptor (ER) function
in breast cancers. AACR 41:465, 2000.

Knee, D. A., Froesch, A., Reed, J. C.: Bag-1 and androgen receptor function.
AACR 41:1514, 2000.

Guzey, M., Takayama, S., Reed, J.C.: BAG-1 family proteins and their relation to
Vitamin D receptor (VDR). The Endocrine Society: ENDO 2000, 2000.

Takayama S., Homma S., Reed J.C., Gotz R., Wiese S., Rossoll W., Schweizer U.,
Berzaghi M., Jablonka S., Holtmann, B., Rapp U., Sendtner M.: Tissue-specific
role of BAG1 and BAG3 in apoptosis suppression in vivo. AACR, 44:1399, 2003.

Langer C., Roth W., Kitada S., and Reed J.C.: Identification of genes associated
with BAG-1L overexpression in breast cancer cells by cDNA-microarray analysis.
AACR, 44:1388, 2003.

Research Resources: A variety of research reagents were created with the
funding provided by this grant, as listed below.

Hybridomas producing anti-BAG monoclonal antibodies were generated.

‘Multiple plasmid encoding full-length BAGIL or fragments of the BAGIL

protein for expression in mammalian cells were produced.

Stably transfected prostate cancer cell lines over-expressing BAGIL were
generated and characterized.

Transgenic mice over-expressing BAGIL in the prostate gland were created.

4. CONCLUSIONS

Understanding the molecular basis for progression of prostate cancers to
hormone-refractory disease is critical for designing new therapeutic strategies for

13
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the treatment of advanced prostate cancer. We have discovered a protein,
BAGIL, that binds the androgen receptor (AR) and enhances its resistance to
anti-androgenic agents. Our findings accomplished with funding from this grant
indicate that BAGIL expression is abnormally elevated in ~one-third of prostate
cancers. Future studies of the impact of BAGIL expression and BAGIL
inhibition in the prostate glands of transgenic mice will reveal the overall
significance of BAGIL for regulation of androgen-responses in normal and
malignant prostate tissue, and will help contribute to new strategies for
overcoming hormone-resistant prostate cancer. In this regard, our discovery that
BAGIL also binds VDR, and enhances growth inhibitory and pro-apoptotic
effects of VDR-ligands in prostate cancer cell line suggests that, while BAGIL
expression may reduce responsiveness to anti-androgens, it may simultaneously
increase sensitivity to Vitamin D. Thus, by employing Vitamin D-based
therapies, elevated levels of BAGIL could potentially be converted from a asset
to a liability for prostate cancer cells.

14
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6. APPENDIX

Copies of the papers published as a result of this grant are provided as an
Appendix to supplement the information provided in the progress report.

Guzey, M., Takayama, S., and Reed, J.C. BaglL enhances trans-activation
function of the vitamin D receptor, J. Biol. Chem. 275:40749-40756, 2000.

Knee, D.A., Froesch, B.A., Nuber, U., Takayama, S., and Reed, J.C. Structure-
function analysis of Bag-1 proteins effects on androgen receptor transcriptional
activity, J. Biol. Chem. 276:12718-12724, 2001.

Guzey, M., Kitada, S., and Reed, ].C. Apoptosis induction by 1a,25(0H), in
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The vitamin D receptor (VDR) is a member of the
steroid/retinoid receptor superfamily of nuclear recep-
tors that has potential tumor-suppressive functions. We
show here that VDR interacts with and is regulated by
BAGI1L, a nuclear protein that binds heat shock 70-kDa
(Hsp70) family molecular chaperones. Endogenous
BAGI1L can be co-immunoprecipitated with VDR from
prostate cancer cells (ALVA31; LNCaP) in a ligand-de-
pendent manner. BAG1L, but not shorter non-nuclear
isoforms of this protein (BAG1l; BAGIM/Rap46), mark-
edly enhanced, in a ligand-dependent manner, the abil-
ity of VDR to trans-activate reporter gene plasmids con-
taining a vitamin D response element in transient
transfection assays. Mutant BAGIL lacking the C-ter-
minal Hsc70-binding domain suppressed (in a concen-
tration-dependent fashion) VDR-mediated trans-activa-
tion of vitamin D response element-containing reporter
gene plasmids, without altering levels of VDR or endog-
enous BAGIL protein, suggesting that it operates as a
trans-dominant inhibitor of BAG1L. Gene transfer-me-
diated elevations in BAG1L protein levels in a prostate
cancer cell line (PC3), which is moderately responsive
to VDR ligands, increased the ability of natural
(1e,25(0H), vitamin D;) and synthetic (1,25-dihydroxy-
19-nor-22(E)-vitamin D;) VDR ligands to induce expres-
sion of the VDR target gene, p21V2f, and suppress DNA
synthesis. Thus, BAGIL is a direct regulator of VDR,
which enhances its trans-activation function and im-
proves tumor cell responses to growth-suppressive VDR
ligands.

1¢,25(0H), vitamin-Dy is a member of a steroid hormone
family which controls calcium homeostasis, and bone formation
(reviewed in Refs. 1 and 2). The effects of 1¢,25(0OH), vitamin
D are largely mediated via interaction with a specific nuclear
vitamin D; receptor (VDR).! The VDR is a ligand-dependent
transcriptional regulator, belonging to the nuclear receptor
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(NR) superfamily (reviewed in Ref. 3). VDR primarily interacts
with specific DNA sequences composed of a hexanucleotide of
direct repeat, binding as either a homodimer or as heterodimer
with retinoid X receptors (RXRs) (4).

Known target genes of VDR regulation include the cell cycle
inhibitors p21%2 and p27X¥! (5), perhaps accounting in part
for the anti-proliferative effects of VDR ligands on some types
of cells. Growth suppressive effects of VDR ligands on epithe-
lial cancer cells in vitro have prompted interest in the possibil-
ity of applying natural or synthetic VDR ligands for the treat-
ment of cancer (reviewed in Ref. 6). Prostate cancer is among
the types of tumor cells with documented sensitivity to VDR
ligands. 1¢,25(0H), vitamin D; and its less calcemic synthetic

"analogues have been shown to inhibit in vitro growth of estab-

lished human prostate carcinoma cell lines and primary cul-
tures'of normal and prostate cancer cells (7, 8). Depending on
the particular cell line tested, VDR ligands can induce cell cycle
arrest, differentiation, apoptosis, or combinations of these
events (9). Functional VDR is necessary for the growth-inhib-
itory effect of VDR. However, prostate cancer cell lines vary in
their sensitivity to 1e,25(0H), vitamin D; and its synthetic
analogues in ways that cannot be explained by differences in
VDR protein levels or rates of ligand metabolism, suggesting
the existence of mechanisms for modulating VDR function at a
post-ligand binding step. This variability in bioresponses to
synthetic vitamin D, analogues has also been observed in vivo
in clinical trials mvolvmg men with advanced prostate cancer
(10).

The human BAGI gene encodes several proteins, mcludmg
BAG1, BAGIM (Rap46), and BAG1L, which differ in the length
of their N-terminal domains but which all share a conserved
C-terminal domain that binds the ATPase domain of heat
shock 70-kDa (Hsp70) family molecular chaperones (11). Some
of the BAG1 protein isoforms have been shown to interact with
and regulate the activity of certain members of the steroid
hormone/retinoid superfamily of NRs (12-14). For =.examplé,
BAG1 binds and suppresses retinoic acid receptors (RARs) (13),
BAG1M (Rap46) interacts with and inhibits glucocorticoid re-
ceptors (15), and BAGIL ‘associates with and enhances.the
trans-activation function of androgen receptors (AR) (14). In
this report, we examined the relation of BAG1 proteins to VDR.
Our findings indicate that the longest of the BAG1 protein
isoforms, BAGIL, interacts with VDR in a hgand-mdumble
manner, enhancing VDR function and improving prostate can-
cer cellular responses to the growth suppressive effects of vita:
min D analogues. Thus, levels of BAGIL may be one of the
determinants of vitamin D responses in normal and mahgnant _
tissues.

MATERIALS AND METHODS

VDR Ligands—1a,25(0H), vitamin D; and 1¢,25-dihydroxy-19-nor-
22(E)-vitamin D, were generously provided by Dr. H. F. DeLuca (Uni-
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versity of Wisconsin, Madison, WI) (16). These VDR ligands were pre-
pared as 1072 M stock solutions in ethanol and stored at —20 °C. Stock
solution concentrations were confirmed by spectroscopy (Spectra Max
190, Molecular Devices), using an extinction coefficient at 220-290 nm
of 18,300 for 1a,25(0OH), vitamin D;. The spectroscopic confirmation for
1a,25-dihydroxy-19-nor-22(E)-vitamin D, was slightly modified as de-
scribed previously (16).

Cell Culture—The human prostate cancer cell lines PC-3 and LN-
CaP, the transformed human embryonal kidney line 293, and monkey
kidney COS-7 cell lines were obtained from the American Type Culture
Collection (Rockville, MD). The ALVA 31 human prostate cancer cell
line was generously provided by Dr. G. Miller (17). Cells were main-
tained in a humidified atmosphere with 5% CO, in RPMI 1640 (PC3,
LNCaP, ALVA31) or Dulbecco’s modified Eagle’s medium (293 and
COS-7) supplemented with 10% fetal calf serum, 1 mm glutamine, 100
units/ml penicillin, and 100 pg/ml streptomycin (Life Technologies,
Inc.). For most experiments, cells were cultured in medium in which the
serum had been preadsorbed with activated charcoal to deplete steroid
hormones (14).

Transfections—COS-7 and 293T cells were transiently transfected by
a LipofectAMINE method. Cells at ~50% confluence (~2 X 10° cells)
were seeded per well in six-well (9.4 cm?) plates (Corning, New York) in
2 ml/well of steroid-depleted medium. The next day, 2.2 pg of DNA was
combined with 6 pl of LipofectAMINE in a total volume of 375 ul of
Opti-MEM medium (Life Technologies, Inc.) and incubated for ~ 0.5 h.
Adherent cells were washed twice with serum-free pre-warmed Opti-
MEM, and then DNA/LipofectAMINE mixtures were applied in 750 ul
of Opti-MEM. After culturing at 37 °C and 5% CO,, for 3 h, 1.5 ml of 20%
csFBS-containing medium was added per well. The following day, var-
ious concentrations of 1«,25(0H), vitamin Dy or 1«,25-dihydroxy-19-
nor-22(E)-vitamin D; were added and cells were cultured for up to 3
days before preparing lysates for various assays.

For stable transfections, 2.2 ug of either supercoiled or Scal-cleaved
pRe¢/CMV-BAGI1L plasmid DNA, encoding BAG1L protein (11) or pRe/
CMV parental vector was transfected into PC-3 cells using the Lipo-
fect AMINE method, essentially as described above. After 2 days, cells
were cultured in medium containing 0.6 mg/ml (active drug) G418 (Life
Technologies, Inc.). Medium was replaced twice weekly, until colonies of
stably transfected clones arose. Clones were individually recovered and
expanded in culture.

Reporter Gene Assays—Transient transfection reporter gene assays
were employed for monitoring VDR trans-activation function. Briefly,
cells were transiently transfected as described above with various
amounts (20, 50, 100, and 150 ng) of pcDNA3 plasmids encoding
BAGIL, BAG1IL(AC), BAGIM, BAGI1, BAG1S, or BAG1 (20-800 ng)
(11, 14) (see Fig. 1), together with 250 ng of a plasmid encoding one copy
of a VDRE upstream of a thymidine kinase minimal promoter and
chloramphenicol acetyltransferase (CAT) reporter gene (18, 19), and
400 ng of pCMV-BGal, encoding B-galactosidase under the control of a
CMV immediate-early region promoter (14), with or without 100 ng of
pcDNA3/VDR, a plasmid encoding the human VDR under the control of
a CMV promoter (18). For some experiments, VDRE-tk-CAT was re-
placed with p21W2f2.CAT, a plasmid containing 2.4 kilobase pairs of the
human p21™2" promoter cloned upstream of a CAT gene (20). After
36-48 h, cell lysates were prepared using Promega reporter lysis buffer
(Promega), normalized for total protein content, and relative levels of
CAT and B-galactosidase activity were measured as described (14). CAT
data were first normalized relative to B-galactosidase, then expressed
as -fold activation relative to a defined control, usually cells cultured
without VDR ligands or cells transfected without BAGl-encoding
plasmids.

Cell Cycle Analysis—The percentage of cells undergoing DNA syn-
thesis was measured by incorporation of bromodeoxyuridine (BrdUrd),
essentially as described (21, 22). Stably transfected clones of PC-3 cells
containing pRc-CMV control (“Neo”) or pR¢/CMV-BAGIL plasmids
were seeded at 7.5 X 10° cells/six-well plate in 2 m! of normal medium
for 24 h, then changed to medium in which the serum had been pread-
sorbed with activated charcoal to deplete steroid hormones. In some
cases, VDR ligands were added, as indicated, and cultures were contin-
ued for up to 48 h. Cells were then cultured with 10 uM BrdUrd (Sigma)
for 1 h, collected by trypsinization, and fixed in 70% ethanol (final
concentration ~108 cells/100 ul). Fixed cells were then washed in phos-
phate-buffered saline (pH 7.4) containing 0.5% (w/v) bovine serum
albumin (BSA), then exposed to 2 M HC], 0.5% BSA at room tempera-
ture for 20 min before re-washing with PBS/BSA and re-suspending in
0.5 ml of 0.1 M sodium borate (Na,B,0,) (pH 8.7) for 2 min at room
temperature, and washing a final time with PBS/BSA. Cells were
incubated in PBS/BSA with 20 ul/10° cells fluorescein isothiocyanate-
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Fic. 1. Structure of BAG1 protein isoforms. The structures of the
human BAG1 protein isoforms are depicted, showing the conserved
BAG domain, as well as other domains found in selected members of the
family such as ubiquitin-like domain (Ub), and nuclear targeting se-
quences (VLS). The longest of the BAG1L proteins is a predicted 345
amino acids in length. All others are presented relative to BAG1L. The
BAG1L(AC) mutant is also depicted (14).

conjugated anti-BrdUrd antibody (PharMingen) for 20 min in the dark.
Finally, propidium iodide (50 pg/ml) was added, and the cells were
analyzed using a fluorescence-activated cell sorter (Becton Dickinson
FACStar-Plus) using the Cell Quest and Mod-Fit programs.

Antibodies and Immunoblotting—Cell lysates were prepared using
radioimmunoprecipitation assay buffer (10 mm Tris (pH 7.4), 150 mm
NaCl, 1% Triton X-100, 1% deoxycholate, 0.1% SDS, 5 mm EDTA),
normalized for total protein content (25 ug of protein), and subjected to
SDS-PAGE using 12% gels, followed by electrotransfer to 0.45-um
nitrocellulose transfer membranes (Bio-Rad). Blots were incubated as
described (11, 14), with the following primary antibodies, including
1:1000 (v/v) of a mouse monoclonal specific for human VDR (IVG8C11)
(gift of Dr. H. F. DeLuca) (23), 1:1000 (v/v) of a rabbit polyclonal
anti-VDR IgG (Santa Cruz Biotechnology, Inc., Santa Barbara, CA),
1:1000 (v/v) control normal rabbit IgG (Santa Cruz Biotechnology, Inc.),
1:1000 (v/v) control mouse IgG, (Dako, Inc.), 1:1000 (v/v) of mouse
monoclonal (IgG,) specific for human BAG1 (KS6C8) (11, 24), and 1/250
(vv) of mouse anti-human p21 monoclonal antibody (IgG,) (PharMin-
gen, San Diego, CA). Inmunodetection was accomplished essentially as
described (11, 14) using horseradish peroxidase-conjugated secondary
antibody (Amersham Pharmacia Biotech) and an enhanced chemilumi-
nescence detection method (ECL) (Amersham/Pharmacia Biotech.) with
exposure to x-ray film (XAR, Eastman Kodak Co.).

Co-immunoprecipitations—Untransfected ALVA31 and LN-CaP
cells or 293T cells transfected with plasmids encoding BAGIL or
BAG1L(AC) were cultured with or without 5 X 107® M 1¢,25(0H),
vitamin D, and collected at 70% confluence. Cells were lysed on ice in
HKMEN (10 mM HEPES (pH 7.2), 142 mm KCl, 1 mM EGTA, 1 mm
EDTA, 0.2% Nonidet P-40) containing protease inhibitors (Roche Mo-
lecular Biochemicals), then either passed several times through a ~21-
gauge needle to disrupt nuclei or NE-PER nuclear extraction reagent
(Pierce) was added according to the manufacturer’s protocol. After
centrifugation at 10,000 X g for 25 min, the resulting supernatants
from equivalent numbers of cells were subjected to immunoprecipita-
tions in HKMEN using the anti-BAG1 monoclonal KS6C8, anti-VDR
monoclonal IVG8C11, or anti-VDR polyclonal antiserum, bound to pro-
tein G-agarose (Zymed Laboratories Inc., San Francisco, CA). Control
immunoprecipitations were performed using mouse IgG; (Dako) or
non-immune rabbit serum (Santa Cruz). Immune-complexes were
washed three times with 1 ml of HKMEN and analyzed by SDS-PAGE/
immunoblotting, as above.

RESULTS

BAGIL Enhances Trans-activation Function of VDR—We
initially explored the effects of BAG1 proteins on the trans-
activation function of the VDR using transient transfection
reporter gene assays in HEK 293T and COS-7 cells. Several
isoforms of the BAG1 protein were compared, as depicted in
Fig. 1. These isoforms of BAG1 all contain a conserved C-
terminal domain “BAG domain” responsible for high affinity
interactions with Hsc70/Hsp70 molecular chaperones and they
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Fic. 2. BAG1L enhances trans-acti- A
vation function of VDR. COS-7 cells at
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~50% confluence in six-well plates (area 24

9.4 cm?) in steroid-depleted medium were 45

transfected by a Lipofect AMINE method |
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plasmids encoding BAGIL (circles) or 0.5 i
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possess an upstream ubiquitin-like domain, but they differ in C<)1

the length of their N-terminal domains. The various isoforms of 2 3 = .

BAGIL arise by translation from alternative initiation codons -
o . e U U VW U W

within a common mRNA (11, 25). Among these proteins, only 2 g < <4 < <

BAGIL contains both nucleoplasmin-like and SV40 large T- MW — g 2 8 =

like candidate nuclear targeting sequences and is constitu- A 50 — ~* <B

tively localized to nuclei (11, 25). 1. Lol ! AG 1
To enforce expression of selected isoforms of BAG1, a cDNA 35 T e * isoforms

encoding the longest isoform, BAG1L, and various 5’-truncated oL K

versions of cDNAs encoding BAG1M, BAG1, and BAG1S were MW

subcloned into an expression plasmid, with additional modifi- B 50 - |& AR AN W | VDR

cations as described previously (11, 14, 24). These plasmids

were then co-transfected in various amounts with a fixed 8 “BAGIL _

amount of plasmid encoding VDR and a VDRE-CAT reporter Z

gene plasmid. Cells were supplied with physiologically relevant C l;gvz e —mnelibeiilP | <« BAG 1L

concentrations (5 X 107° M) of 1&,25(0OH), vitamin D,. All data
were normalized relative to cells stimulated with 1, 25(0H),
vitamin D, in the absence of BAG1 expression plasmids.

As shown in Fig. 2, the longest isoform, BAG1L, enhanced
the trans-activation function of VDR in a concentration-de-
pendent manner, resulting in a 2-4-fold increase in VDRE-tk-
CAT reporter gene activation under these conditions. In con-
trast, BAG1M, BAG1, and BAG1S had little effect on VDR
activity (Fig. 2 and data not shown). Moreover, although full-
length BAGI1L effectively enhanced VDR activity, a mutant of
BAGI1L lacking the C-terminal Hsc70/Hsp70-binding domain
did not. This observation confirms the specificity of these find-
ing obtained with full-length BAG1L and also suggests that the
C-terminal BAG domain of BAG1L is required for potentiating
VDR activity.

Immunoblot analysis was performed to verify production of
the BAG1L, BAG1L(AC), BAG1M, BAG1, and BAG1S proteins
in transfected cells. As shown in Fig. 3, BAGIL, BAGIL(AC),
BAG1, and BAG1S were produced at comparable levels. The
BAGIM protein was also produced, but due to internal trans-
lation initiation from the AUG, which normally gives risé to the
shorter BAG1 protein, the steady-state levels of BAGIM
achieved were only about half the other isoforms. Nevertheless,
BAGIM protein was produced at levels far in excess of endog-
enous BAG1 and BAG1L, which migrate at ~35 and ~55 kDa
and which can be seen as faint bands in the immunoblot anal-
ysis (Fig. 3). We conclude, therefore, that the selective enhance-
ment of VDR activity seen with BAG1L but not with other
BAG1 isoforms in transient transfection reporter gene assays

35 = | wme e e e e e

1 2 3 4 5 6

Fic. 3. Immunoblot analysis of expression of BAG1 isoforms in
transfected cells. COS-7 cell plasmids in 60-mm dishes (growth area;
21 cm?) were transiently transfected using a Lipofect AMINE reagent
with 220 ng of VDR and 330 ng of either pcDNA3 (neo) or
pcDNA3-plasmids encoding BAG1L, BAG1M, BAG1L(AC), BAG1, or
BAG1S. After 2 days, whole cell lysates were prepared, normalized for
total protein content (25 ug/lane), and subjected to SDS-PAGE/immu-
noblot assay, using anti-BAG1 (A) or anti-VDR (B) antibodies in con-
junction with an ECL-based detection method. In C, 293T cells were
transfected with 220 ng of VDR and increasing amounts of
pcDNA3-BAG1L DNA (lanes 2-6, 44, 110, 220, 330, and 440 ng, respec-
tively) (reported as ng/em? for area of 21 cm?), normalizing total DNA
content (~5 pg in 60-mm dishes) with pcDNA3 (Neo) vector. Lysates
were prepared after 2 days and analyzed as above using anti-BAG1
antibody. Molecular size markers are indicated in kilodaltons.

is unlikely to be due to differences in the levels of production of
these proteins. Importantly, expression of the various isoforms
of BAG1 had no effect on levels of VDR, thus excluding alter-
ations in the receptor for 10,25(0OH), vitamin D, as a trivial
explanation for the results obtained in reporter gene assays
(Fig. 3B). Immunoblotting also confirmed the concentration
dependence of BAG1L protein production in response to trans-
fection of various amounts of expression plasmid DNA (Fig.
30), further validating the results obtained by reporter gene
assays. )

1a,25(0H), Vitamin D3 Induces Association of BAGIL with
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Fic. 4. BAGIL associates with and modulates function of VDR in a ligand-dependent manner. In A, lysates were prepared using
HKMEN solution from ALVA31 prostate cells grown in the absence (—) or presence (+) of 5 X 10~® M 12,25(0H), vitamin D,. Immunoprecipitations
were performed using anti-BAG1 monoclonal (IgG,) KS6C8 (14) (lanes 2 and 3), rabbit polyclonal IgG VDR antibody (Santa Cruz) (lane 4), rabbit
IgG, control (lane 5), or mouse IgG control (lane 6). Immune complexes were analyzed by SDS-PAGE/immunoblotting using a polyclonal rabbit
anti-VDR with ECL-based detection. As a control, lysate (25 pg) from 10,25(0H), vitamin Dg-treated cells was also directly loaded in the gel (lane
1). The positions of the heavy (IgH) and light (IgL) chains of the primary antibodies are indicated (right), as well as the position of the VDR (lef?).
In B, COS-7 cells in steroid-depleted medium were transfected as described in Fig. 2, using 100 ng of pcDNA3-BAGI1L (+) or pcDNA3 control (—)
plasmid DNA. After 1 day, either 5 X 107° M 1a,25(0H), vitamin D, (+) or control diluent (—) was added to cultures. Lysates were prepared 48 h
later, and relative CAT production from the VDR-CAT reporter gene plasmid was measured, normalizing for B-galactosidase and expressing the
data as -fold activation relative to cells that received neither the VDR nor BAG1L plasmids and which were not stimulated with VDR ligand.

VDR—The functional collaboration of BAGIL with VDR
prompted us to explore whether these proteins physically in-
teract, particularly given evidence that BAG1L can associate
with certain other members of the NR family (13-15). Co-
immunoprecipitation assays were performed using lysates
from untransfected ALVA-31 (Fig. 4) and LNCaP (data not
shown) prostate cancer cells to explore whether the endogenous
BAGI1L and VDR proteins can form complexes. These lines
were chosen because they contain relatively high intrinsic lev-
els of both BAG1L and VDR, and because they are sensitive to
1¢,25(0H), vitamin Dj-induced growth suppression (10).2
BAGI1L was immunoprecipitated from lysates prepared from
unstimulated and 1«,25(0H), vitamin Dg-treated cells, and the
resulting immune complexes were analyzed by SDS-PAGE/
immunoblotting using an anti-VDR antibody.

Anti-BAG1 immunoprecipitates prepared from lysates of
10,25(0H), vitamin Dj -treated cells contained associated
VDR, whereas VDR was not found associated with BAG1IL
immune complexes derived from unstimulated ALVA31 (Fig. 4)
or LNCaP (data not shown) cells. Control immunoprecipitates
prepared using mouse IgG, instead of anti-BAG1 antibody
confirmed the specificity of these results. Comparisons of the
levels of VDR and BAGI1L proteins in ALVA31 and LNCaP
lysates before and after treatment with 1e,25(0H), vitamin Dy
revealed no demonstrable difference, indicating that the asso-
ciation is not merely secondary to ligand-induced changes in
the amounts of these proteins (data not shown). We conclude,
therefore, that VDR associates with BAG1L in a ligand-de-
pendent manner.

The ligand-dependent association of BAG1L with VDR pre-
dicts that BAG1L should enhance VDR trans-activation funec-
tion only when appropriate steroid ligand is provided. Accord-
ingly, we performed transient transfection reporter gene
assays in which cells were cultured with or without 1¢,25(0H),,
vitamin D3 in medium containing steroid-depleted serum. Co-
expression of BAG1L with VDR in the absence of ligand did not
increase VDR-mediated reporter gene trans-activation (Fig.
4B). However, when 1a,25(0H), vitamin D; was provided,
BAG1L more than doubled the levels of VDR-mediated induc-
. tion of the VDRE-CAT reporter gene plasmid compared with
COS-7 cells, which received VDR and 1,25(0H), vitamin Dy in

2 M. Guzey, S. Takayama, and J. C. Reed, unpublished observations.

the absence of BAG1L. Taken together, these results demon-
strate that BAG1L associates with and potentiates the function
of VDR complexes in a ligand-dependent manner.

A BAGIL Mutant Lacking the Hsc70/Hsp70-binding Do-
main Inhibits VDR Activity—It has been shown that the last 47
amino acids of the BAG1 protein are required for binding to the
ATPase domain of Hsc70 and Hsp70 chaperones (11, 26). To
explore the functional consequences of removing the C-termi-
nal domain from BAGI1L on VDR, transient transfection re-
porter gene assays were performed, assaying VDR-mediated
trans-activation of the VDRE-CAT reporter gene plasmid in
the presence of increasing amounts of . co-transfected
pcDNA3-BAGI1L (AC), which encodes a truncation mutant of
BAGIL lacking the Hsp70/Hsc70-binding domain. As shown in
Fig. 5A, co-transfection of the BAG1L(AC) expression plasmid
failed to enhance VDR activity and instead inhibited VDR
activity in a concentration-dependent manner, reducing trans-
activation of the VRE-CAT reporter gene by approximately
half. Immunoblot analysis demonstrated dose-dependent pro-
duction of the BAGIL(AC) protein, which reached levels
roughly equivalent to full-length BAG1L at the highest concen-
trations of plasmid DNA transfected (Fig. 5B). We conclude,
therefore, that the Hsc70/Hsp70-binding domain of BAG1L is
necessary for its stimulatory effects on VDR, and that deletion
of this domain converts BAG1L from a stimulator to an inhib-
itor of VDR, presumably functioning as a trans-dominant com-
petitor of the endogenous wild-type BAG1L protein.

To explore the mechanism of the BAG1L(AC) protein further,
comparisons were made of the ability of BAGIL and
BAG1L(AC) to associate with VDR, as determined by co-immu-
noprecipitation experiments (Fig. 5C). Although VDR could be
readily co-immunoprecipitated with BAG1L from 1,25(0H),
vitamin D,-stimulated cells, VDR association with BAG1L(AC)
was not detected. Immunoblot analysis of the cell lysates de-
rived from transfected 293T cells used for these experiments
confirmed production of both the full-length BAG1L and trun-
cated BAGIL(AC) proteins (Fig. 5C). Thus, deletion of the
C-terminal region of BAG1L abrogates its ability to associate
with the VDR.

BAGIL Enhances VDR-mediated Trans-activation of the
p 21" Promoter—The promoter of the gene encoding the cell
cycle regulator, p21V?, is known to contain a VDRE (27). To
extend the analysis of BAG1L effects on VDR to a more natural
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promoter context, we asked whether BAG1L protein could en-
hance VDR-mediated trans-activation in a CAT reporter gene
plasmid containing the p21%*® promoter. For these experi-
ments, COS-7 or HEK 293T cells were transiently co-trans-
fected with various amounts of plasmid DNA encoding BAG1L,
together with fixed amounts of VDR and p21-CAT plasmids.
Cells were cultured in the presence of either the natural VDR
ligand, 12,25(0H), vitamin D; (5 X 10~° M) (Fig. 6, A and B) or
the synthetic vitamin D3 analogue 1l,25-dihydroxy-19-nor-
22(E)-vitamin Dy (5 X 10~° M) (Fig. 6, C and D).

BAGI1L induced a dose-dependent increase in VDR-mediated
trans-activation of the p21-promoter in these transient trans-
fection reporter gene assays when VDR ligands were supplied
(Fig. 6) but not in the absence of ligands (data not shown). The
effect of BAG1L appeared to be more pronounced, in terms of
-fold enhancement of reporter gene activation, when the vita-
min D, analogue 1«,25-dihydroxy-19-nor-22(E)-vitamin D; was
employed, compared with the natural VDR ligand, 1«,25(0H),
vitamin D;. However, because maximal BAG1L plasmid DNA
concentrations (plateau) were not reached in these experi-
ments, -quantitative comparisons should be interpreted
cautiously.

BAGIL enhances VDR-mediated induction of the endoge-
nous p21Va! gene. To extend the analysis of BAGIL to an
endogenous target of VDR, we explored the effects of VDR
ligands on induction of p21%2f protein production in PC3 cells.
PC3 cells contain moderate levels of VDR (800 fmol/mg pro-
tein), but express BAG1L at low levels (10).2 For these exper-

iments, therefore, PC3 cells were stably transfected with either
a control plasmid or BAG1lL-encoding plasmid and several
clones were characterized. Immunoblot analysis revealed sev-
eral stably transfected clones with elevated levels of BAGIL
protein compared with control-transfected or parental PC3
cells. These clones were then cultured with either natural VDR
ligand, 1a,25(0H), vitamin Dy (5 X 1078 M) or vitamin Dy
analogue la,25-dihydroxy-19-nor-22(E)-vitamin Dy (5 X 1078
M) for 1-3 days, and lysates were prepared for immunoblot
analysis of p21V2® protein levels.

Both natural and synthetic VDR ligands induced greater
increases in p21V®! protein levels in BAG1L-overexpressing
PC3 cells compared with controls. Increases in p21 were also
sometimes more rapid in BAG1L-overexpressing compared
with control-transfected cells. Re-probing the blots with an
antibody to B-actin verified loading of equivalent amounts of
total protein. Although representative data are provided for
two clones in Fig. 7, similar findings were obtained with others
(data not shown).

BAGIL Sensitizes PC3 Cells to Growth Inhibition by VDR
Ligands—The effects of VDR ligands on p21V*f expression in
PC3 cells suggested that BAG1L-overexpressing cells might
display greater sensitivity to the growth suppressive effects of
vitamin D, analogues. Accordingly, clones of PC3 control (Neo)-
transfected and BAG1L-transfected cells were cultured in ste-
roid-depleted medium with or without 5 X 1078 M 12,25(0H),
vitamin D for 2 days, and the percentage of replicating cells
was then estimated by labeling with BrdUrd, which is incor-



Transfected DNA (ng/cm?)

10,25(0OH), vitamin D,
NEO (#1) BAGIL (#4)

40754 BAGIL Enhances VDR Trans-activation .
Cos-7 293
A .-
[ 1.8 7
Fic. 6. BAG1L enhances VDR-medi- o 1.5+
ated trans-activation of p21W= pro- L, 1.6
moter. COS-7 monkey kidney cells (A g : 10.25(0H
and C) and HEK 293T human embryonic I 1.4 %25(0H),D;
kidney cells (B and D) were transfected by 0 45 :
a LipofectAMINE method in 9.4-cm? g 12
dishes with VDR-encoding plasmid (100 - 11— i
ng), 250 ng of p21-CAT reporter plasmid, r 1.0 1.0
400 ng of pCMV-B-galactosidase, and in- [T :
creasing amounts of pcDNA3-BAGIL ex- 0 5 10 15
pression plasmid, as indicated. One day 6 s 15
later, transfected cells were treated with
5 X 107° M either 1,25(0H), vitamin D, Cc 20 D 3.0
(A and B) or 1la,25-dihydroxy-19-nor- g “7 ‘
22(E)-vitamin D, (19-nor-22(E)) (C and D) °
and CAT activity was measured 2 days = 18 2.5 —
. later, normalizing data relative to B-ga- g 19-nor-22(E)
lactosidase and reporting results as -fold - 1.6+
activation relative to cells transfected 0 207
with pcDNA3 control plasmid instead of g 1.4
pcDNA3-BAG1L. BAG1L did not enhance -] 1.5 —
VDR activity when VDR ligands were ° 12
omitted from cultures (data not shown). M8
B S W——T1 7171
0 s 1w 15 0 5 10 15

Transfected DNA (ng/cm?)

Fic. 7. BAG1L increases induction

1 2

| Days of endogenous p21¥+ expression by

VDR ligands. PC-3 cells stably trans-

fected with empty pcDNAS vector (Neo) or
pcDNA3-BAGI1L were cultured with 5 X

107® M 1a,25(0H), vitamin Dy (fop) or
19-nor-22(E) (bottom). Cell lysates were
prepared after 0, 1, 2, or 3 days of culture,
normalized for total protein content (25
pg/lane) and subjected to SDS-PAGE/im-

31 1y 1 2

munoblot assay using anti-p21 and anti-
B-actin antibodies in conjunction with an
ECL-based detection method. Data ob-

tained using representative clones (Neo

porated into the DNA of cells in S-phase. Comparisons were
made between two Neo control-transfected clones of PC3 and
six BAG1L-transfected clones. The percentage inhibition of cell
proliferation induced by VDR ligand was significantly greater
for the BAG1L-transfected compared with the Neo-control
transfected PC3 cell clones, as determined by contrasting
BrdUrd incorporation in each clone when cultured without
versus with 10¢,25(OH)_2 vitamin Dy (p < 0.005 by unpaired ¢
test). Similar results were obtained using the synthetic VDR
ligand, 1a,25-dihydroxy-19-nor-22(E)-vitamin-Ds, and when
cell cycle analysis was performed by measuring DNA content of
propidium iodide:stained cells instead of by BrdUrd labeling
(data not shown). Analysis of cell viability indicated that VDR
ligands induced growth arrest without causing a substantial
increase in cell death during the time course of these experi-
ments. Immunoblot analysis confirmed that the levels of
BAGIL protein were elevated by ~38-10-fold in the BAG1L-
transfected clones compared with Neo-control clones of PC3
cells (Fig. 8). In contrast, levels of VDR protein were not dif-
ferent among these clones. Taken together, these data suggest
that BAG1L can influence the sensitivity of cells to VDR k-
gands, with overexpresSion of BAG1L increasing the sensitivity
of prostate cancer cells to the growth-inhibitory effects of VDR
ligands.

clone 1; BAGI1L clone 4) are presented.

DISCUSSION

In this report, we provide the first evidence that BAG1L can
interact with and regulate the activity of VDR. In contrast,
shorter isoforms of BAG1, including BAGIM, BAG1, and
BAG1S, lacked the ability to enhance the trans-activation func-
tion of VDR. In human cells, at least four BAG1 isoforms can
arise from translation-initiation from alternative start codons
within a common mRNA, resulting in proteins that all share a
common C terminus but that can be distinguished by the
length of their N termini: BAG1S, BAG1, BAGIM (previously
also termed Rap 46/Hap 46), and BAG1L. Of these, BAG1 and
BAGI1L are the most abundant in vivo,: with only. scant
amounts of BAGIM or BAG1S generally observed (11). Simi-
larly, in mice, BAG1 and BAGI1L are the most prevalent iso-
forms. Moreover, the bagl mRNA molecules of mice lack the
ATG required for production of BAGIM (11, 25). BAGI is
predominantly, although not exclusively, a cytosolic protein,
whereas BAGI1L is located entirely in the nucleus of cells (11,
14, 25, 26).

The unique ability of BAG1L to enhance VDR function in
cells may be related to the nuclear location of this protein.
BAGIL contains candidate nuclear localization sequences,
which are not found in other BAG1 isoforms, including nucleo-
plasmin-like and SV40 large-T antigen-like basic amino acid
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bars. B, immunoblot data are presented for each of the stably trans-
fected PC3 clones, using lysates normalized for total protein content
and probing blots with antibodies specific for BAG1 (top) or VDR (bot-
tom). The position of BAG1L is indicated by an arrowhead. The endog-
enous BAGI protein is also seen in the gel (not labeled). Molecular size
markers are indicated in kilodaltons.

motifs commonly associated with nuclear import. In contrast,
BAGI1M contains only a portion of one of these candidate nu-
clear localization sequences and has been shown to reside in
the cytosol unless stimulated to traffic into the nucleus by
associating with other proteins, such as glucocorticoid recep-
tors. However, the unique ~50-amino acid N-terminal domain
of BAGIL also contains several additional copies of (EEX,)
repeat sequences, which conceivably may have relevance to the
ability of this protein to associate with and enhance the func-
tion of VDR. In this regard, it has been suggested that these
EEX, repeats in the BAG1M protein allow it to associate with
DNA (28). Thus, the presence of additional copies of this re-
peating motif in the longer BAG1L protein conceivably could
improve its ability targeting to DNA, indirectly enhancing its
functional interactions with nuclear hormone receptors. How-
ever, other sequences found in the unique N-terminal region of
BAGI1L might account for its ability to collaborate with VDR,
independently of possible DNA binding activity, such as
through interactions with co-activator proteins.

The VDR binds its cognate response elements in target genes
as either a homodimer (VDR/VDR) or heterodimer (VDR/RXR),
leading to activation or repression of transcription via interac-
tion with transcriptional co-factors and the basal transcrip-
tional machinery. Moreover, VDR also can form heterodimers
with RAR (29). Previously, we reported that the shorter BAG1
isoform can antagonize RAR activity through what appears to
be a direct interaction with RAR, inhibiting binding of RAR/

"RXR heterodimers to retinoid response elements irn vitro and
suppressing RAR function in cells (13). In contrast, BAG1 does
not interact with RXR and does not interfere with RXR signal-
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ing in cells. Since the shorter BAG1 protein had no detectable
effect on VDR trans-activation function, we consider it unlikely
that the observed effects of the longer BAG1L protein on VDR
can be attributed to an indirect interaction with this steroid
hormone receptor caused by its heterodimerization with RAR.

Association of BAG1L with VDR in co-immunoprecipitation
assays was found to be ligand-dependent. Similarly, BAG1L-
mediated enhancement of VDR transcriptional activity was
also dependent on the presence of VDR ligands. Ligand-de-
pendent effects of BAG1L have also been reported for the AR,
where BAG1L likewise enhances trans-activation function of
AR in a ligand-dependent manner (14). All members of the NR
family of transcription factors contain a ligand-independent
and ligand-dependent trans-activation domain: AF1 and AF2,
respectively (reviewed in Refs. 29-31). We presume, therefore,
that interaction of BAG1L with VDR depends upon the ligand-
binding AF2 domain. However, it is unknown at present
whether BAG1L binds directly to VDR versus associating indi-
rectly through interactions with other VDR-binding proteins
whose interactions with VDR are ligand-dependent.

One protein that conceivably could mediate BAG1L interac-
tions with VDR is Hsp70 or Hsc70. All known isoforms of BAG1
contain a conserved C-terminal ~45 amino acid domain (the
“BAG domain”) that binds the ATPase domain of Hsp70/Hsc70
molecular chaperones with high affinity (11, 26). Thus, if ligand
binding to steroid hormone receptors causes conformational
changes that permit stable Hsp70/Hsc70 binding, then this
could possibly provide a mechanism by which Hsp70/Hsc70
bridges BAG1L to VDR and other members of the NR family.
Indeed, deletion of the C-terminal Hsp70/Hsc70-binding do-
main from BAGI1L abrogated its ability to associate with VDR,
as determined by co-immunoprecipitation experiments. In this
regard, it has been reported that Hsp70 can be found com-
plexed to ligand-activated steroid hormone receptors (i.e. estro-
gen receptor, glucocorticoid receptor, and prolactin receptor)
bound to DNA (32-35), further supporting this idea. However,
analysis of a mutant of BAG1L lacking the C-terminal Hsc70/
Hsp70-binding domain revealed a trans-dominant inhibitory
function for this protein, where it suppressed rather than en-
hanced VDR trans-activation function. A similar trans-domi-
nant inhibitory effect of BAG1L(AC) has also been reported
previously for AR (14). If the only mechanism for functional
interaction of BAG1L with VDR were through association with
VDR/Hsp70 complexes, then we would expect deletion of the
Hsp70-binding domain to nullify BAG1L effects on VDR but
not to interfere with VDR in a trans-dominant manner. Since
physiochemical analysis of recombinant BAG1 protein has re-
vealed it to be a monomer (36), it also seems unlikely that the
BAGIL(AC) mutant interfered with endogenous BAG1L by
forming heterodimers/hetero-oligomers with the wild-type
BAGIL protein. Thus, we favor the interpretation that BAG1L
requires both the Hsc70-binding domain and other upstream
regions of this protein for regulating VDR. The purpose of the
upstream regions of BAG1L in this context remains to be
clarified, but could include interactions with DNA, chromatin,
co-activator proteins, or other types of proteins that influence
nuclear hormone receptor function.

The mechanism by which BAG1L enhances the trans-activa-
tion function of VDR is currently unknown. Given the ability of
this protein to bind Hsp70/Hsc70 molecular chaperones, it
seems reasonable to speculate that BAG1L may act in collab-
oration with Hsp70/Hsc70 to produce conformational changes
in VDR or VDR-associated proteins such as co-activators that
result in a net enhancement of ligand-dependent transcription.
However, alternative models are possible. For example, all
BAG1 isoforms contain a conserved ubiquitin-like domain,
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which has been suggested based on circumstantial evidence to
mediate interactions with the 26 S proteosome (37). Accord-
ingly, BAGI1L conceivably could facilitate the turnover of pro-
teins within VDR transcription complexes. Although no effect
of BAG1L on the steady-state levels of VDR was observed, we
cannot exclude the possibility of effects on the turnover of
VDR-associated proteins not examined here.

1a,25(0OH), vitamin D; and its synthetic analogues can have
growth-suppressive effects on certain types of tumor cells, in-
cluding adenocarcinomas of the prostate (10). However, re-
sponses to natural and synthetic VDR ligands vary widely
among tumor lines, despite their expression of functional VDR,
suggesting that a variety of factors may modulate sensitivity to
VDR ligands. The evidence presented here suggests that
BAGIL protein levels may represent one determinant of sen-
sitivity to growth inhibition by VDR ligands. Using a prostate
cancer cell line, which expresses moderate levels of VDR (800
fmol/mg) but which contains little BAGIL and which displays
little responsiveness to VDR ligands, we found that gene trans-
fer-mediated overexpression of BAG1L increased cell cycle ar-
rest induced by VDR ligands. This enhanced sensitivity to
growth arrest induced by VDR ligands was associated with
increased expression of p21%2!, a known target gene of VDR
(27). However, it remains to be determined whether VDR-
mediated growth repression is directly attributable to p21%af
gene induction by this steroid hormone receptor, and it should
be recognized that VDR is likely to affect expression of a wide
variety of target genes in cells. Although it cannot be excluded
that the down-regulation of p21W2f! geen in PC3 cells treated
with natural or synthetic VDR ligands is a consequence rather
than a cause of the growth suppressive effects of these com-
pounds, our studies of the p21%2® promoter in transient trans-
fection reporter gene assays demonstrated that BAG1L is ca-
pable of augmenting VDR-mediated transcription of this
promoter. '

Prostate cancer is the most common lethal form of cancer
currently diagnosed in American men, second only to lung
cancer as the leading cause of malignancy-associated death
among males (38). The primary therapy for men with meta-
static disease entails use of anti-androgens and androgen ab-
lation. Hormonal therapy, however, has a limited time of effi-
cacy, and essentially all patients eventually relapse with
hormone-refractory disease (10). Androgen ablation therapy
also decreases the quality of life as it causes “hot flashes,”
muscle wasting, and impotence in many men, as well as in-
creasing the risk of osteoporosis. As a result, many physicians
prefer to observe rather than treat asymptomatic patients,
particularly elderly patients whose PSA levels are rising
slowly. An effective, relatively nontoxic agent such as
1a,25(0H), vitamin D, thus could be an ideal type of therapy
for use in palliative treatment of metastatic prostate cancer.
However, variability in responses to 1¢,25(0H), vitamin Dg-
based therapies limits opportunities for clinical applications.
Improved understanding of the role of BAG1L and other factors
in the regulation of VDR activity and tumor suppression by
VDR ligands may contribute to more rational selection of pa-
tients for therapy with 1a,25(0H), vitamin Dj or its synthetic
analogues.
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Bagl is a regulator of heat shock protein 70 kDa
(Hsp70/Hsc70) family proteins that interacts with ste-
roid hormone receptors. Four isoforms of Bagl have
been recognized: Bagl, BaglS, BaglM (RAP46/HAP46),
and BaglL. Although BaglL, BaglM, and Bagl can bind
the androgen receptor (AR) in vitro, only BaglL en-
hanced AR transcriptional activity. BaglL was deter-
mined to be a nuclear protein by immunofluorescence
microscopy, whereas Bagl, Bagl$S, and BaglM were pre-
dominantly cytoplasmic. Forced nuclear targeting of
BaglM, but not Bagl or Bagl$, resulted in potent AR
coactivation, indicating that BaglM possesses the nec-
essary structural features provided it is expressed
within the nucleus. The ability of BaglL to enhance AR
activity was reduced with the removal of an NH,-termi-
nal domain of BaglL, which was found to be required for
efficient nuclear localization and/or retention. In con-
trast, deletion of a conserved ubiquitin-like domain
from BaglL did not interfere with its nuclear targeting
or AR regulatory activity. Thus, both the unique NH,-
terminal domain and the COOH-terminal Hsc70-binding
domain of BaglL are simultaneously required for its
function -as an AR regulator, whereas the conserved
ubiquitin-like domain is expendable

Steroid 'i'etfepfor‘é play a crucial role in the development and
maintenance of many organs. The androgen receptor (AR)'is a
ligand-activated transcription factor that is a member of the
nuclear receptor superfamily (1). One tissue that exhibits pro-
found dependence on the ligand for this nuclear hormone re-
‘ceptor is the prostate gland. In normal prostate, androgens
induce preduction of growth factors in the stromal cells that
cause growth of the luminal secretory epithelial cells (reviewed
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in Ref. 2). The AR controls gene expression programs in these
epithelial cells, resulting in the expression of various proteins
characteristic of the differentiated state including prostate-
specific antigen (8). Tumors develop from the prostatic epithe-
lial cells and ultimately become independent of the androgenic
hormones. Endocrine therapy, either by reducing the levels of
androgen or by blockading androgens at the level of the AR,
usually results in a favorable clinical response and a dramatic
regression of prostate cancer due to apoptotic cell death (4).
However, after an initial response to androgen ablation; the
prostate cancers eventually become unresponsive if endocnne
therapy is continued long term (5).

It remains an open question whether the AR continues to
play a role in hormone-independent prostate cancers. Many
hormone-insensitive tumors have been found to retain a wild-
type AR gene. Moreover, the AR gene is sometimes amplified,
or its transcriptional activity may be increased: in advanced
prostate cancer (6). Therefore; a need exists to understand
more about the factors that control the functions of the AR so
that the mechanisms responsible for resistance to endocrine
therapy can be revealed and eventually alleviated.

In the absence of the ligand, AR and most steroid hormone
receptors are maintained in an inactive state complexed with
heat shock proteins, Upon binding of the cognate ligand, the
receptor dissociates from the inactive complex and translocates
to the nucleus in which it binds specific response elements in
the promoter and/or enhancer regions of responsive genes (re-
viewed in Ref. 7). Once bound to the nuclear response element,
the nuclear receptor up-regulates or down-regulates transcrip-
tion by transmitting signals directly to the transcriptional ma-
chinery via direct protein-protein interactions. In addition, an-
other class of proteins called coactivators is recruited and
serves as bridging molecules between the transcription initia-
tion complex and the nuclear receptor (reviewed in Ref. 8).

Recently, an isoform of the human Bagl protein (known as
BaglL) has been reported to bind the AR and enhance tran-
scriptional activity in the presence of the ligand (9). Bagl
contains a COOH-terminal “BAG” domain that binds the
ATPase domain of heat shock protein 70 kDa (Hsp70/Hsc70)
family proteins (10—14) and modulates the activity of Hsc70/
Hsp70 family chaperones in vitro and in vivo. Through this
interaction with Hsc70, Bagl is able to interact with a variety
of intracellular proteins and regulate diverse cellular processes
relevant to cancer including cell division, cell survival, and cell
migration (15-20). However, it is also possible that other non-
Hsc70-binding domains in the NH,-terminal portion of Bagl
mediate interactions with target proteins, thus providing a
mechanism for directing Hsc70 family chaperones to specific
proteins in the cells. For example, Bagl contains a ubiquitin-
like (UBL) domain, which has been proposed to permit its
direct binding to the 26 S proteosome (21). However, the sig-
nificance of this and other NHy-terminal regions in Bagl for

This paper is available on line at http://www.jbc.org
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transactivation of AR or other steroid hormone receptors is
unknown.

It has been shown that at least four isoforms of Bagl protein
can arise from alternative initiation of translation within a
common mRNA: BaglS, Bagl, BaglM (RAP46/HAP46), and
BaglL (22, 23). These isoforms all contain the Hsc70-binding
BAG domain near the COOH terminus as well as the upstream
UBL domain, but they differ in the lengths of their amino-
terminal regions. Additional motifs have been recognized
within the NH,-terminal segment of the Bagl proteins includ-
ing candidate nuclear localization sequences (NLS) and vari-
able numbers of TXSEEX repeat sequences (23, 24). BaglL, the
longest isoform, contains both an SV40-LargeT-like and
nucleoplasmin-like candidate NLS preceded by a unique ~50
amino acid-domain. This Bagl isoform is predominantly nu-
clear (23). BaglM (RAP46/HAP46) contains only a portion of
the candidate NLS and has been shown to reside in the cytosol
unless stimulated to traffic into the nucleus by associating with
other proteins, such as the glucocorticoid receptor (24). Bagl
and the shorter and rarer isoform of BaglS are predominantly
found in the cytosol (23).

Bagl proteins have been reported to interact with and reg-
ulate the activity of several members of the nuclear receptor
superfamily. For example, BaglM and BaglL have been found
to repress the activity of the glucocorticoid receptor (24, 25),
and Bagl represses the transcriptional activity of retinoic acid
receptors (27). Conversely, BaglL but not BaglM or Bagl can
potentiate the transcriptional activity of the AR (9). In this
report, we have extended structure-function analysis of Bagl
protein with respect to their regulation of the AR.

MATERIALS AND METHODS

Plasmids—The plasmids pcDNA3-BaglL, pcDNA3-BaglL_C, and

pcDNA3-Bag1 have been described previously (9). pcDNA3-BaglM was
“generated from pcDNA3-Bagl/BaglM (9) by mutating the initiation

codon that gave rise to Bagl from an ATG to an ATC so that this
construct now can give rise only to BaglM.

The ¢DNAs encoding various fragments of Bagl were generated by
polymerase chain reaction from the plasmid pcDNA3-BaglL (9) using
the following forward (F) and reverse (R) primers containing EcoRI and
Xhol sites: Bagl$, 5'-GGGAATTCGCCACCATGGCGGCA-3' (F1) and
5'-CCCTCGAGTCACTCGGCCAGGGCAAAG-3' (R1); BaglLA1-50,
primer 5’-GCGGAATTCGCCACCATGACTGCCAGC-3' (F2) and R1;
BaglLA1-16, 5'-GGGAATTCGAGCGGATGGGTTCCCG-3' (F3) and
R1; BaglMACS83, 5'-GGGAATTCATGAAGAAGAAAACCCGGCGCC-3'
(F4) and 5-CCCCTCGAGTCAAAAACCCTGCTGGATTCCAG-3' (R2);
and Bag1C83 5'-GGGAATTCCTGCCCAAGGATTTGCAAGCTG-3’ and
R1.

The polymerase chain reaction products were digested with EcoRI
anid Xhol and then directly cloned into the EcoRI and X%ol sites of the
mammalian expression vector pcDNA3 (BaglS and BaglLA1-50) or
pcDNA3-Myc (BaglLA1-16, BagtMAC83, and Bag1C83).

The GST-Bagl fusion proteins were generated from pGEX-4T-
BaglL, pGEX-4T-BaglLAC, pGEX-4T-Bagl, pGEX-4T-BaglAC, pGEX-
4T-BaglM, pGEX-4T-Bag1lMACS83, and pGEX-4T-1-BaglC83. These
plasmids were all generated by subcloning the appropriate cDNAs from
pcDNAS clone into the EcoRI and Xhol sites of pGEX-4T-1 (Amersham
Pharmacia Biotech). To generate the nuclear-targeted Bagl proteins,
the appropriate cDNA was subcloned from pcDNA3 clone into the EcoRI
and Xhol sites of pcDNA3-NLS (generated by the insertion of an oligo-
nucleotide containing the SV40-LargeT-like NLS into the HindIII-
EcoRI sites of pcDNA3.1).

The reporter pLCI plasmid contains the full-length mouse mammary
tumor virus long terminal repeat sequence linked with the chloram-
phenicol acetyltransferase (CAT) gene (28, 29). The pSG5-AR plasmid
contains the cDNA for the wild-type AR (28).

Cell Culture—The monkey kidney COS-7 cell line was obtained from
the American Type Culture Collection (Manassas, VA). Cells were
maintained in a humidified atmosphere with 5% CO, in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal calf serum, 3
mM glutamine, 100 units/ml penicillin, and 100 pg/ml streptomycin
(Life Technologies, Inc.). One day prior to experiments, cells were
transferred into charcoal-treated fetal bovine serum (CT-FBS) and Dul-
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becco’s modified Eagle’s medium minus Phenol Red to reduce back-
ground levels of steroids. R1881 (PerkinElmer Life Sciences) was dis-
solved in ethanol and added to the cultures at 2 minimum dilution of
0.0001% (v/v). Control cells received an equivalent amount of solvent
only.

Transfections and Enzyme Assays—COS-7 cells at 60% confluency in
12-well plates (Nunc) were transfected by a lipofection method. 1.1 pg
of DNA was diluted into 176.5 ul of Opti-MEM (Life Technologies, Inc.)
and combined with 3 ul of LipofectAMINE (Life Technologies, Inc.) in
185.5 ul of Opti-MEM. After incubation for 20 min, 0.375 ml of Opti-
MEM was added, and the mixtures were overlaid onto monolayers of
cells. After culturing with 5% CO, for 5 h at 37 °C, 0.75 ml of Opti-MEM
containing 20% CT-FBS was added to the cultures. At 32-36 h after
transfection, cells were stimulated with 0.1 nM R1881. Cell extracts
were prepared 48 h after transfection. For reporter gene assays, cell
lysates were made as described previously (30), and assays for B-galac-
tosidase and CAT activity were performed. All transfection experiments
were carried out in duplicate, repeated at least three times, and nor-
malized for B-galactosidase activity.

In Vitro Binding Assays—The AR was in vitro translated in reticu-
locyte lysates (TNT lysates, Promega) containing [**Slmethionine and
then preincubated with 10 nM R1881 for 30 min. Glutathione S-trans-
ferase (GST) fusion proteins were immobilized on glutathione-Sepha-
rose and blocked in NET-N buffer (20 mM Tris, pH 8.0, 20 mM NaCl, 1
mM EDTA) containing 0.1% Nonidet P-40 and 15% milk for 30 min. The
immobilized GST proteins (10 pg) were incubated for 2 h with 10 ul of
R1881 treated in vitro translated AR in NET-N buffer containing 0.1%
Nonidet P-40, proteinase inhibitors, and 10 nm R1881. The beads were
washed three times in NET-N buffer containing 0.5% Nonidet P-40 and
then boiled in Laemmli SDS sample buffer. The use of equivalent
amounts of intact GST fusion proteins and successful ir vitro translated
of the AR was confirmed by SDS-PAGE analysis using Coomassie Blue
staining or autoradiography, respectively.

Immunofluorescence—Transfected COS-7 cells were fixed with a
—20 °C chilled mix of methanol and acetone (1:1) for 2 min at 20 °C.
After fixation the cells were blocked with phosphate-buffered saline
containing 3% bovine serum albumin, 2% FBS, and 0.1% goat serum
and then incubated for 4 h at 20 °C with anti-Bagl antibody (Dako
Corp., Carpinteria, CA) diluted 1:50 in blocking solution (31). After this
incubation, cells were rinsed three times for 10 min with phosphate-
buffered saline at 20 °C and then incubated with fluorescein isothiocya-
nate-conjugated anti-mouse IgG (Dako Corp.), diluted 1:50 in blocking
solution for 2 h at 37 °C. Excess secondary antibody was thoroughly
washed off with phosphate-buffered saline. The slides were then
treated with Mowiol containing 1,4-diazabicylo[2.2.2]octane, and glass
coverslips were applied. The stained slides were observed using a laser-
scanning confocal microscope (Bio-Rad 1024MP).

Hormone Binding Assay—COS-7 cells at 60% confluency in 10-cm?®
plates were transiently transfected either with empty vectors or a
combination of expression vectors encoding for AR, BaglL, or Bagl by
a lipofection procedure. 10 pg of DNA was incubated with 26 pl of
LipofectAMINE (Life Technologies, Inc.) for 20 min, and the mixtures
were overlaid onto monolayers of cells. After culturing with 5% CO, at
37 °C for 5 h, 1 volume of Opti-MEM containing 20% charcoal-stripped
fetal bovine serum (CT-FBS) was added to the cultures. Cells were
transferred into 24-well plates 1 day later and grown in CT-FBS me-
dium for an additional 24 h. To determine the hormone binding affin-
ities of the transfected AR, cells were incubated for 2 h with increasing
concentrations (0.1-10 nM) of [PH]R1881 (86 ACi/nmol, PerkinElmer
Life Sciences) in the presence or absence of a 100-fold molar excess of
cold R1881. Cells were then washed three times with ice cold phos-
phate-buffered saline, and radioactivity was determined by scintillation
counting. Specific binding was calculated by subtracting the counts/min -
of cells transfected with a control plasmid from the counts/min of
samples transfected with the AR expression plasmid that was treated
with the same concentration of the hormone. The results represent the
means of three independent experiments.

RESULTS

BAG Domain of Bagl Is Sufficient to Bind AR in Vitro—The
human Bag1 protein exists as four isoforms (Fig. 1A4), which all
contain the same COOH-terminal Hsc70-binding domain and
an upstream ubiquitin-like domain but differ in the lengths of
their NH,-terminal regions (23). The BaglL and BaglM
(RAP48) isoforms of the human Bagl protein have been previ-
ously shown to bind the AR in vitro (9, 25). To determine
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FiG. 1. The BAG domain is necessary and sufficient for interacting with the AR in vitro. A, a schematic shows the isoforms of the Bagl
protein, BaglL, Bagl, BaglM, and the following deletion mutants: BaglAC and BaglLAC, which lack the COOH-terminal last 47 amino acids;
BaglM AC83, which lacks the COOH-terminal last 83 amino acids; and Bag1C83, which contains only the last 83 amino acids. The regions
encoding the candldate nuclear localization sequences (black box), TXSEEX repeat (downward diagonal striped box), ubiquitin-like domain (gray
box), and BAG domain (upward diagonal striped box) have been indicated. The sequence numbers all refer to the nucleotide numbers of BaglL and
indicate the start codon position for each isoform of Bagl with respect to BaglL. B, the interaction of the AR with various isoforms of Bagl or
COOH-terminal deletion mutants of these Bagl proteins was tested by in vitro bmdmg assays. The Bag1 isoforms and COOH-terminal mutants
were expressed as GST fusion proteins and incubated with AR in vitro translated in the presence of [*®S)methionine. GST and GST fused to the
cytoplasmic domain of CD40 were included as negatlve controls. GST-Bag1S failed to fold properly and could not be tested. C, the interaction of
the AR with deletion mutants of Baglwas tested by invitro bmdmg assays. The BagIMAC83 and Bag1C83 were expressed as GST fusion proteins
and incubated with AR that was prepared by in vitro ‘translation i in the presence of [*S]méthionine.

whether other isoforms of the human Bag1 protein could inter-
-act with the AR, we performed in vitro protein interaction
assays. The Bagl isoforms were fused to GST:and incubated
with in vitro translated radiolabeled AR. As shown i in Fig. 1B,
the AR specifically interacted with BaglL and Bagl but not
with the control proteins GST and GST-CD40. Mutants of
BaglL and Bagl, which lack the COOH- termmal Hsc70-bind-
ing domain (AC) were unable to interact with the AR in these
assays, indicating that the BAG domain is required for inter-
actions with the AR. Moreover, a GST-fusion protein contain-
ing only the last COOH-terminal 83 aminp acids, GST-
Bagl1C83, was sufficient for binding to AR under these
conditions (Fig. 1C). Therefore, we conclude that the BAG
domain of Bagl protein is necessary and sufficient for associ-
ating with the AR.

Nuclear Targeting of the Cytoplasmic Bagl Is Insufficient for
Potentiating AR Activity—Although all isoforms of Bag1 inter-
act with the AR in vitro, only the BaglL protein significantly
enhances the transcriptional activity of the AR in vivo (9).
Because the llgand bound’ AR is loéalized to the nucleus (7),
only isoforms of the Bagl protein that are nuclear would be
expected to enhance the transcriptional activity of the AR.
Therefore, we checked the compartmentalization of the Bagl
proteins by immunofluorescence. COS-7 cells were transfected
with plasmids encoding the various Bagl isoforms followed by
immunostaining with an anti-Bagl monoclonal antibody and
analysis by confocal laser-scanning microscopy. BaglL is ex-
clusively a nuclear protein, whereas all other Bagl isoforms are
predominantly cytosolic (Fig. 2, left panels). These findings are
consistent with the presence of both nucleoplasmin-like and
SV40-LargeT-like nuclear-targeting sequence in the BaglL
protein (22, 23) but not BaglM, Bagl, or BaglS. Although the
BaglM (RAP46/HAP48) isoform contains a region of basic res-

idues suggestive of a nuclear targeting sequence (25), it is
evidently transported inefficiently into the nucleus. Interest-
ingly, the BaglL protein may be associated with nuclear sub-

: -NLS +NLS
. Bag;l L
. | Bag1 '
. Bam
. -

Fic. 2. BaglL is the only isoform of Bagl that is nuclear. COS-7
cells were transfected with 0.5 ug of pcDNA3-BaglL, pcDNA3-BaglM,
pcDNA3-Bagl, pcDNA3-BaglS, pcDNA3-NLS-BaglL, pcDNA3-NLS-Ba-
glM, pcDNA3-NLS-Bagl, or pcDNA3-NLS-BaglS. At 30 h post-trans-
fection, cells were fixed, stained with a monoclonal antibody recognizing
Bagl, and visualized using a laser confocal microscope. The nucleus and
nucleoli are immunopositive in all transfectants involving NLS-targeted
proteins (right column).

structures given the speckled pattern of the immunofluores-
cence observed (Fig. 2).

The difference in cellular distribution of the Bagl proteins
represents a possible explanation for the inability of the cyto-
solic Bagl isoforms to enhance the transcriptional activity of
the AR. To address this issue, we constructed plasmids that

- express BaglL, BaglM, Bagl, or Bagl$ fused to SV40-LargeT-

like nuclear-targeting sequences. Nuclear localization of these
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Fic. 3. Targeting of BaglM but not the shorter Bagl isoforms to the nucleus confers the ability to enhance AR-mediated
transactivation. A, COS-7 cells were transfected with 0.06 ug of pSG5-AR, 0.5 ug of pLCI, 0.04 ug of pCMV-B-galactosidase, and various amounts
of one of the following Bagl expression plasmids: pcDNA3-BaglL, pcDNA3-BaglM, pcDNA3-Bagl, pcDNA3-Bagl$, pcDNA3-NLS-BaglL,
pcDNA3-NLS-BaglM, pcDNA3-NLS-Bagl, or pcDNA3-NLS-Bag1S. Total DNA was maintained at 1.1 pg by the addition of pcDNAS3 control
plasmid. At 30 h after transfections, cells were stimulated with 1 nm R1881. Cell extracts were prepared and assayed for CAT and B-galactosidase
activity at 40 h after transfection (mean * S.E., n = 2). B, COS-7 cells were transfected with one of the following Bagl expression plasmids:
pcDNA3-BaglL, pcDNA3-BaglM, pecDNA3-Bagl, pcDNA3-BaglS, pcDNAS-NLS-BaglL, pcDNA3-NLS-BaglM, pcDNA3-NLS-Bagl, or
pcDNA3-NLS-BaglS. At 30 h after transfection, cells were lysed in radioimmune precipitation buffer. Cell extracts (25 pg of total protein) were
subjected to SDS-PAGE/immunoblot assay and probed with an antibody to Bagl. The Bagl expression plasmid pcDNA3-BaglM produces both the
BaglM and Bagl proteins due to translational initiation from an internal AUG in BagiM. .

NLS-Bagl proteins was verified by transfecting COS-7 cells
with plasmids expressing the nuclear-targeting Bagl isoforms
and then immunostaining with an antibody that recognizes
Bagl (Fig. 2, right panels). Confocal laser-scanning microscopy
analysis revealed that all the Bagl isoforms are located exclu-
sively in the nucleus of transfected cells.

The effects of these nuclear-targeted Bagl isoforms on AR
transcriptional activity were then tested by transfection into
COS-7 cells together with an AR-expressing plasmid and an
ARE-containing reporter gene. The cells were stimulated with
R1881 to activate AR. As shown in Fig. 3A, the fusion of
heterologous nuclear-targeting sequences to the 5’ end of
BaglL did not alter its ability to enhance the transcriptional
activity of the AR. Targeting of BaglM to the nucleus but not
Bag1 or BaglS was sufficient to enhance the transcriptional
activity of the AR. Taken together, these results suggest that
the first 70 amino acids of BaglL are expendable for AR coac-
tivation, whereas the NH,-terminal region of BaglM corre-
sponding to amino acids 71-115 of BaglL is required in con-
junction with nuclear localization for enhancing AR function.

Immunoblot analysis showed that the levels of all Bagl
isoforms produced in cells (except BaglS) were comparable to
the nuclear-targeted isoforms, excluding quantitative differ-
ences in the levels of these proteins as a trivial explanation for
the results (Fig. 3B). The difference in the level of expression of
Bag1S and NLS-Bag1S makes it difficult to conclude that NLS-
Bag18 is without effect on AR-mediated transactivation. The
absence of Bag1S from the nucleus would argue against its role
in transactivation.

The NH,-terminal Region of BaglL Is Required for Efficient
Nuclear Localization—The observation that BaglL is the only
isoform that is nuclear suggests that the unique NH,-terminal
domain of BaglL might perform a role in nuclear targeting or
retention. We therefore generated two NHy-terminal trunca-
tion mutants of BaglL lacking either the first 16 amino acids of
BaglL (BaglLA1-16) or retaining the nuclear-targeting se-
quences of BaglL but lacking the NH,-terminal 50 amino acids

that differentiate it from the BaglM protein (BaglLA1-50).

Both the BaglLA1-16 and BaglLA1-50 proteins retain the
candidate nuclear-targeting sequences of BaglL and therefore
should target to nuclei similar to BaglL. To explore this option,
COS-7 cells were transfected with plasmids encoding
Bagl1LA1-16, BaglLA1-50, or BaglL, and the localization of
the resulting proteins was determined by immunofluorescence
confocal microscopy. BaglL and Bagl1LA1-16 exhibited essen-
tially the same compartmentalization pattern within the cell
(Fig. 4B, upper panels), demonstrating a nuclear speckled pat-
tern of immunostaining. In contrast, the BaglLA1-50 protein
was more promiscuous in its subcellular localization. Whereas
BaglLA1-50 was found in the same nuclear substructures as
BaglL, the protein was also found in a diffuse cytosolic staining
pattern in transfected cells. This finding suggests that amino
acids 17-50 of BaglL may contain sequences necessary for
optimal retention of BaglL in the nucleus.

To contrast these subcellular localization results with coac-
tivation function, COS-7 cells were cotransfected with the AR,
an ARE-containing reporter gene, and plasmids encoding
BaglL, BaglLA1-16, or BaglLA1-50. The transfected cells
were then stimulated with the synthetic androgen R1881.
BaglLA1-50 but not BaglLA1-16 exhibited a decreased ability
to enhance the transcriptional activity of the AR (Fig. 4D).
Taken together, these observations suggest that the correct
nuclear targeting/retention of BaglL is required for optimal
functional interactions of BaglL and the AR.

To confirm this finding, we fused a nuclear-targeting se-
quence to BaglL, BaglLA1-16, and BaglLA1-50 and tran-
siently transfected the NLS-fusion constructs into COS-7 cells.
Confocal immunofluorescence analysis revealed that NLS-
BaglL, NLS-Bagl1LA1-16, and NLS-BaglL.A1-50 exhibit es-
sentially the same nuclear pattern within the cell (Fig. 4B,
lower panels). Targeting of BaglL and BaglLA1-16 to the
nucleus did not significantly alter their effect on the AR, how-
ever, nuclear-targeting of BaglLA1-50 markedly improved its
ability to enhance AR transcriptional activity (Fig. 4D). Immu-
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noblot analysis revealed that all Bagl isoforms were expressed
at similar levels (Fig. 4C).

The Ubiquitin-like Domain of BaglL Is Not Required for
Enhancing Transcriptional Activity of AR—The Bagl protein
contains a UBL domain that is conserved within the Bagl
homologues of Caenorhabditis elegans and Schizosaccharomy-
ces pombe (32). To explore whether this region has functional
significance in the enhancement of AR-mediated transcription,
we constructed a deletion mutant of BaglL lacking this region
(Bag1lLAUBL) (Fig. 5A). COS-7 cells were cotransfected with
plasmids expressing BaglLAUBL, AR, and an ARE-containing
reporter gene plasmid and then stimulated with R1881. As
illustrated in Fig. 5B, deletion of the UBL domain from BaglL
did not alter its ability to enhance AR-mediated transcription
in reporter gene assays, suggesting that this region of Bagll is
not required for functional interactions of BaglL and the AR.
Immunoblot analysis showed that the levels of BaglLAUBL
produced in cells was comparable to BaglL (Fig. 5C). COS-7
cells were transfected with plasmids encoding BaglLAUEL or
BaglL, and the localization of the resulting proteins was de-
termined by immunofluorescence confocal microscopy. BaglL
and BaglLAUBL exhibited essentially the same compartmen-
talization pattern within the cell (Fig. 5D), demonstrating a
nuclear speckled pattern of immunostaining. '

Bagl Proteins Do Not Alter the Affinity of the AR for Its
Ligand—Heat shock proteins and other molecular chaperones
are required for placing steroid hormone receptors into a state
that is competent to bind steroid ligands (33, 34). The ability of
Bagl proteins to bind and modulate the function of Hsp70/
Hsc70 family molecular chaperones (10), therefore, could con-
ceivably alter the ability of AR to bind androgenic hormones.
Therefore, we determined the hormone binding affinity of the
AR in whole cells in the absence or presence of overexpressed
Bagl or BaglL. As depicted in Fig. 64, the presence of elevated
levels of either Bagl or BaglL did not significantly influence
the amount of hormone bound to the receptors at any of the
hormone concentrations tested. In addition, as revealed by
Scatchard analysis (Fig. 6, B-D), neither Bagl nor BaglL sig-
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Fic. 5. Deletion of the ubiquitin-
like domain of BaglL does not alter
its ability to enhance AR-mediated
transactivation of an ARE-contain-
ing reporter. 4, a schematic is presented
showing a delétion mutants of BaglL that
lacks the ubiquitin-like domain. B, COS-7
cells were transfected with 0.06 pg of
pSG5-AR, 0.5 ug of pLCI, 0.04 ug of
pCMV-B- galactosulase and various
amounts of pcDNA3-BaglLl ° or
pcDNA3-BaglLAUb. Total DNA was
maintained at 1.1 pg by the addition of
pcDNA3 control plasmid. At 30 h after
transfection, cells were stimulated with 1
nM R1881. Celi extracts were prepared
and assayed for CAT and B-galactosidase
activity at 40 h after transfection (mean *
SE., n=2). C, COS-7 cells were tra-
nsfected as in B, and after 30 h the cells
were lysed in radicimmune precipitation
buffer. Cell extracts (25 pg of total pro-
tein) were subjected to SDS-PAGE/immu-
noblot assay and probed with an antibody
to Bagl. D, COS-7 cells were transfected
as in B, and at 30 h post-transfection,
cells were fixed, stained with a monoc-
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lonal antibody recognizing Bagl, and
visualized under a laser. confocal
microscope.

in interactions with the nuclear proteins that serve to anchor
BaglL firmly in the nucleus.

In contrast, deletion of the UBL domain from BaglL did not
impair subcellular targeting or functional collaboration with
the AR. A wide variety of proteins have been shown to contain
UBLs (reviewed in Ref. 35). These domains can mediate direct
interactions with subunits of the proteosome that recognize
polyubiquitin chains on proteins that have been targeted for
destruction. Recently, Bagl was reported to bind the 26 S
proteosome in vitro. The UBL domain is found within all four
Bagl isoforms and is conserved in the Bagl homologues of
other species including the yeast S. pombe and the nematode C.
elegans (32), implying an evolutionarily conserved role for this
domain in some aspect of Bagl function. However, deletion of
the UBL domain did not abrogate the stimulatory effect of
BaglL on AR function. Thus, whatever the function of the
conserved UBL domain of Bagl may be, it is expendable for
coactivation of steroid hormone receptors.

Similar to the NH,-terminal unique domain, the COOH-
terminal region of Bag1l that is required for Hsc70 binding was
found to be essential for potentiation of AR activity. The data
reported here and elsewhere indicate that the COOH-terminal
Hsc70-binding domain of Bagl and BaglL is required for in-
teractions with AR in vitro and for coimmunoprecipitation of
BaglL with AR from cell lysates (9). Moreover, we presented
novel evidence here that the BAG domain of Bagl is sufficient
for association with the AR in vitro. It has therefore been
postulated that the interaction of BaglL with the AR may
involve Hsp70. Hsp70/Hsc70 along with Hsp90 and Hsp56 are
involved in maintaining nuclear receptors in an inactive con-
formation in the cytoplasm. Thus, it is possible that Hsc70/
Hsp70 family molecular chaperones provide a bridge between
the AR and BaglL. Alternatively, Hsp70 and AR may compete
for binding to the BAG domain as has been determined recently
for Hsp70 and Raf-1 (36).

Molecular chaperones perform several important functions
in the regulation of steroid hormone receptors. For example, a
variety of chaperones including Hsc70/Hsp70 is required to
achieve receptor conformations that are competent to bind
steroid ligands. Thus, enhanced ligand binding represents one
possible explanation for the mechanism by which BaglL poten-
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Fic. 6. Effect of Bagl and BaglL on R1881 binding affinity of
the AR. COS-7 cells were transfected with either an empty vector or
with expression vectors encoding AR and Bagl or BaglL. At 2 days
after transfection, cells were incubated in the indicated concentration of
[*H]R1881 in the presence or absence of a 100-fold molar excess of cold
R1881. The bound radioactivity was calculated by subtracting the
amount of radicactivity incorporated in the presence of competitor from
the amount incorporated in the absence of competitor. 4, bound
[*H]R1881 as a function of hormone concentration in cells transfected
with AR alone (diamonds) or in combination with either Bagl (crosses)
or BaglL (squares). B-D, Scatchard analyses of the data represented in
A, indicating the calculated K, for R1881 of AR in the presence or
absence of Bagl and BagllL. Data represent the mean * S.E, of three
independent experiments.
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tiates AR function. If true, however, we would have expected
the other isoforms of Bagl also to potentiate AR activity, given
that translation and folding of the AR occurs in the cytosol
where the unliganded AR resides in a complex with Hsp90 and
other chaperones. Thus, the data reported here demonstrating
a lack of effect of Bagl on the ligand binding affinity of the AR
are consistent with the observed differences in. the ability of
nuclear and cytosolic isoforms of Bagl to enhance AR activity.
In addition, because heat shock proteins sequester AR in the
cytosol in an inactive state until bound by specific steroid
ligands, it was also possible that Bagl proteins might regulate
cytosol to nuclear translocation of AR, however, we previously
demonstrated that this is not the case (9).

Given that Bag1L does-not alter the affinity of AR for steroid
ligands and does not modulate nuclear translocation of AR, we
speculate that it potentiates AR function either by affecting
coactivator binding to AR or by altering AR affinity for DNA-
binding sites. Interestingly, it has been reported that BaglM is
able to bind to DNA and stimulate basal transcription machin-
ery directly in vitro (25). Thus, BaglL interactions with AR
could conceivably increase the affinity of AR-containing tran-
scription complexes for DNA, thereby enhancing transcrip-
tional output of AR-responsive genes. However, given that we
failed to see any affect of BaglL on the binding of the AR to an
ARE in gel retardation assays (data not shown), this observation
alone cannot account for the unique effects of BaglL on AR.

Taken together, the data reported here imply that at least
two domains within BaglL are important for its functional
collaboration with the AR, namely the TXSEEX repeats and
the COOH-terminal BAG domain, which binds Hsp70/Hsc70
family molecular chaperones. Multiple explanations can be
envisioned for how these two domains might participate in the
regulation of AR. For example, both of these domains might
directly or indirectly bind AR. In this regard, it may be relevant
that several coactivators of nuclear receptors, such as GRIP-1
and SRC-1, make multiple interactions with nuclear receptors
through different domains (26, 37). However, it is equally prob-
able that the BAG domain alone mediates interactions of
BaglL with AR, whereas the TXSEEX repeats associate with
other proteins such as coactivators. Difficulties in producing
soluble stable TXSEEX repeats alone have precluded us from
djst;iriguishing these two mechanisms to date. Another aspect
of BaglL effects on AR is that they may be indirect, involving
BaglL/Hsc70-induced conformational changes in AR that en-
hance its interactions with coactivators or reduce interactions
with corepressors. :

Given that only the BaglL isoform of Bagl collaborates
functionally with the AR, one mechanism by which tissues
could alter their responsiveness to androgens is by adjusting
the levels of the BaglL protein produced. The human bagl
mRNA can generate up to four protein products through alter-
native mRNA translation from various canonical AUG or non-
canonical CUG codons (22, 23). The mouse bagl mRNA simi-
larly can produce up to three protein products but lack the
AUG that is responsible for generating BaglM (RAP46) (23). In
human tissues and tumor cell lines, it has also been shown that
Bagl and BaglL are by far the most abundant isoforms of Bagl
produced with little or no BaglM or BaglS present (23). Inter-
estingly, whereas Bagl is ubiquitously expressed throughout
the organs of mice and humans, BaglL production is tissue-
specific and found predominantly in hormone-sensitive tissues,
such as the testis, ovary, breast, and prostate. Also, in human
tumor cell lines, levels of BaglL tend to be highest in hormone-
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dependent cancers, such as prostate (AR), breast (estrogen
receptor (ER), progesterone receptor (PR), and lymphoid (glu-
cocorticoid receptor) malignancies in which steroid hormones
are known to play major roles in the regulation of cell growth,
differentiation, and death. Given that BaglL enhances the
transactivation function of AR and that it has been shown to
render AR less inhibitable by anti-androgenic drugs (9), it will
be interesting to determine whether the levels of BaglL change
during the progression of prostate cancers as they undergo
conversion from hormone-responsive to hormone-refractory
disease.
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Abstract

Calcitriol [1¢,25-dihydroxyvitamin D,] is the natural
ligand of the vitamin D receptor (VDR). Using cultured
prostate cancer (PC) cell lines, LN-CaP and ALVA-31,
we studied the effects of 1«,25(0OH),-Vitamin D; (VD,)
on expression of several apoptosis-regulating proteins
including: (a) Bcl-2 family proteins (Bc!-2, Bel-X; , Mcl-1,
Bax, and Bak); (b) the heat shock protein 70-binding
protein BAG1L; and (c) IAP family proteins (XIAP,
clAP1, and clAP2). VD, induced decreases in levels of
antiapoptotic proteins Bcl-2, Bel-X,, and Mcl-1, BAG1L,
XIAP, clAP1, and clAP2 (without altering proapoptotic
Bax and Bak) in association with increases in
apoptosis. In contrast to VDR-expressing LN-CaP and
ALVA-31 cells, VDR-deficient prostate cancer line Du-
145 demonstrated no changes in apoptosis protein
expression after treatment with VD;. In sensitive PC
cell lines, VD, activates downstream effector protease,
caspase-3, and upstream initiator protease caspase-9,
the apical protease in the mitochondrial (“intrinsic”)
pathway for apoptosis, but not caspase-8, an initiator
caspase linked to an alternative (“extrinsic”) apoptosis
pathway triggered by cytokine receptors. VD, induced
declines in antiapoptotic proteins and also stimulated
cytochrome c release from mitochondria by a caspase-
independent mechanism. Moreover, apoptosis
induction by VD, was suppressed by overexpressing
Bcl-2, a known blocker of cytochrome c release,
whereas the caspase-8 suppressor CrmA afforded little
protection. Thus, VD, is capable of inhibiting
expression of multiple antiapoptotic proteins in VDR-
expressing prostate cancer cells, leading to activation
of the mitochondrial pathway for apoptosis.

Introduction

Prostate cancer is the most common lethal form of malig-
nancy in North American men and is responsible currently for
>200,000 new cancer cases and >31,000 deaths annually in
the United States alone. Although adenocarcinoma of the
prostate is generally a slow-growing malignancy, morbidity
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from the disease is nonetheless considerably high because
of urological impairment and painful bone metastases. Be-
cause prostate cancer incidence increases with advancing
age, it is expected that this malignancy will become an
increasingly greater problem as worldwide life expectancy
improves. The elderly and often debilitated status of many
patients with metastatic prostate cancer has raised the need
for well-tolerated palliative. regimens that slow progression
and improve quality of life. Biological response modifiers
represent a class of agents with potential utility in this clinical
context.

Calicitriol [1¢,25(0H),-Vitamin D] is a member of a steroid
hormone family that regulates calcium homeostasis ard
bone formation but which also has been shown to have
significant antiproliferative activity when administered to
many cancer cell lines in vitro (reviewed in Refs. 1, 2). The
effects of VD,® are largely mediated via interaction with a
specific nuclear VDR. The VDR is a ligand-dependent tran-
scriptional regulator, belonging to the nuclear receptor su-
perfamily (reviewed in Refs. 3, 4). VDR primarily interacts with
specific DNA sequences composed of a hexanucleotide di-
rect repeat, binding as either a homodimer or as heterodimer
with RXR. Known target genes of VDR include the cell cycle
inhibitors p21Waf! and p27"P', perhaps accounting in part
for the antiproliferative effects on VDR ligands on some type
of cells.

VDR ligands can also promote apoptosis of some types of
tumor cell lines, including the prostate cancer line LN-CaP
(5). The target genes relevant to the proapoptotic actions of
VDR ligands are largely unknown, but Bcl-2 expression is
reportedly down-regulated by treatment of LN-CaP cells with
VD3. Moreover, enforcing Bcl-2 expression by gene transfer
sustains survival of these cells in the face of VD3, implying an
important role for this antiapoptotic protein that is known to
be overexpressed in many advanced prostate cancers (6).

Bcl-2 is a member of a large family of apoptosis-regulating
proteins that target mitochondrial membranes. This protein
family includes both antiapoptotic members, such as Bcl-2,
Bcl-X_, and Mcl-1, and proapoptotic members such as Bax
and Bak (reviewed in Ref. 7). These proteins govern mito-
chondrial membrane permeability, either promoting or sup-
pressing release of apoptogenic proteins from these or-

3 The abbreviations used are: VD3, 1a,25(0H),-vitamin D3; VDR, vitamin D
receptor; RXR, retinoid X receptor; Cyt-c, cytochrome ¢; PARP, poly(ADP-
ribose) polymerase; IAP, inhibitor of apoptosis protein; cRA, 9-cis-retinoic
acid; DAPI, 4',6-diamino-2-phenylindole; TUNEL, terminal deoxy-
nucleotidyl transferase-mediated nick end labeling; XTT, sodium 3'-
(1-(phenylamino)-carbonyl)-3,4-tetrazolium)-bis-(4-methoxy-6-nitro);
Hsp, heat shock protein; zZVAD-fmk, benzoyloxycarbonyl-Val-Ala-Asp
(OMe)-fluoromethylketone; Ac-DEVD-AFC, benzoyloxycarbonyl-Asp-
Glu-Val-Asp-amino-4-trifluoro-methyl-coumarin; Ac-LEHD-AFC, N-
acetyl-Leu-Glu-His-Asp-AFC; Ac-IETD-AFC, N-acetyl-lle-Glu-Thr-
Asp-AFC.
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ganelles. Among the mitochondrial proteins released into the
cytosol during apoptosis is Cyt-c, which binds and activates

Apaf-1, an oligomeric protein that activates the cell death

protease, pro-caspase-9. This event triggers a cascade of
proteolytic events, with caspase-9 cleaving and activating
downstream caspases, which then cleave a variety of sub-
strates responsible for apoptotic demise of the cell.

Additional nonmitochondrial pathways for apoptosis also
exist, such as the pathway activated by tumor necrosis factor
family death receptors. Upon ligand binding, these death
receptors cluster at the plasma membrane, recruiting
caspase-binding adapter proteins to their cytosolic domains
and triggering protease activation by the induced proximity
mechanism (reviewed in Ref. 8). The apical protease in the
death receptor pathway is caspase-8, which in turn cleaves
and activates directly or indirectly various downstream ef-
fector proteases, caspase-3, caspase-6, and caspase-7.
Cleavage of specific substrates by effector caspases during
apoptosis promotes the degradation of key structural pro-
teins, including PARP and endonuclease regulator ICAD,
causing chromatin condensation, DNA fragmentation, and
“other events typically associated with apoptosis.

The IAPs are a family of antiapoptotic proteins that regu-
late both the mitochondrial (“intrinsic”) and death receptor
(“extrinsic™) pathways for apoptosis. The antiapoptotic ac-
tivity of IAPs has been attributed to the conserved baculo-
virus IAP repeat domain, which is found in all members of this
protein family (9). Some of the human IAPs, including XIAPs,
c-IAP1, and c-IAP2, have been shown to directly bind pro-
caspase-9 and prevent its activation in response to Cyt-c
(10) and to also directly suppress the protease activity of the

effector proteases, caspase-3 and caspase-7 (11). Thus,

IAPs serve as endogenous antagonists of certain caspases,
including downstream proteases that operate at the conver-
gence of the intrinsic and extrinsic pathways for apoptosis.
Overexpression of certain IAPs has been documented in
cancers, often correlating with adverse clinical outcome (12).

In this report, we characterized the effects on apoptosis
gene expression of calcitriol (VDg) in the VDR-expressing
prostate cancer cell lines LN-CaP and ALVA-31. Compari-
sons were also made with the RXR ligand, cRA, alone and in
‘combination with VDj. Our findings reveal that VD, down-
regulates the expression not only of Bcl-2 but also several
other antiapoptotic proteins, including Bcl-2 family mem-
bers, Bel-X_ and Mcl-1, as well as IAP-family proteins, XIAP,
clAP1, and clAP2. Dissection of the apoptosis mechanism
suggests that VD, primarily triggers the mitochondrial path-
way for cell death. The findings suggest that VDR ligands
could be useful for inducing apoptosis of prostate cancer
cells directly or for lowering barriers to apoptosis in prostate
cancers before treatment with cytotoxic anticancer drugs or
radiation therapy.

Materials and Methods

VDR and RXR Ligands. VD, was obtained from Fluka; (Sig-
ma Chemical Co., St. Louis, MO). cRA was obtained from
Sigma. These VDR and RXR ligands were prepared as 10™3
m stock solutions in ethanol and stored at —20°C. Stock
solution concentrations were confirmed by spectroscopy

(Spectra Max 190; Molecular Devices), using an extinction
coefficient at 220-290 nm of e 18300 for 1a,25(0CH),D; (13)
and 280-388 nm of e 39750 for cRA (14).

Cell Culture and Apoptosis Assays. Human prostate
cancer cell lines, Du-145 and LN-CaP, were obtained from
American Type Culture Collection (Rockville, MD). The
ALVA-31 human prostate cancer cell line was generously
provided by Dr. G. Miller (University of Colorado, Denver,
CO; Ref. 15). Cells were maintained in humidified atmo-
sphere with 5% CO, in RPMI 1640, supplemented with 10%
FCS, 1 mm glutamine, 100 units/m! penicillin, and 100 pg/m}
streptomycin (Irvine Scientific, Santa Ana, CA). ALVA-31 and
LN-CaP cells were cultured with VD, cRA, or both of these
agents, for up to 4 days. The medium was changed every 2
days, and new hormones were added to the cultures. In
some cases, cells were treated with 100 ng/ml of anti-Fas
antibody CH-11 (Naka-ku, Nagoya, Japan).

For apoptosis assays, both floating and adherent cells
were recovered, and fixed in 3.7% paraformaldehyde in PBS
(pH 7.4), and nuclear apoptotic morphology was determined
by staining with 2 ug/ml DAPI (mean *+ SD; n = 3) with
examination by UV microscopy, as described (16). Alterna-
tively, the percentage of cells with fragmented DNA was
assayed by the TUNEL method, as described below. In some
cases, results were confirmed by labeling of freshly recov-

ered cells with Annexin V-FITC (Biovision, Palo Alto, CA),

followed by analysis by flow cytometry (Becton-Dickinson
FACScan, San Jose, CA) in the presence of propidium io-
dide, as described (17). Alternatively, to assess the percent-
age of cells with fragmented DNA and to monitor cell cycle
progression, DNA content analysis was performed by fixing
and permeabilizing cells, followed by treatment with RNase
and staining with propidium iodide, analyzing cells by flow
cytometry essentially as described previously (18). The refa-
tive proportion of cells with DNA content indicative of apo-
ptosis (<2N), diploid Gy-G; cells (2N), S-phase (>2N but
<4N), and G,-M-phase (4N) was determined.

For cell viability assessments, the trypan blue dye exclu-
sion method was used, counting a minimum of 200 cells/
assay and expressing data as a percentage of viable (dye-
excluding) cells. Alternatively, relative numbers of viable cells
were determined by XTT (Polysciences, Warrington, PA) dye-
reduction assays (19). Briefly, cells were seeded at a density
of ~2000 cells/well in 96-well, flat-bottomed tissue culture
plates (Corning Inc., Corning, NY) in 200 ul of culture me-
dium. The cells were allowed to attach for 24 h, and the
medium was replaced with fresh medium containing either
ethanol diluent (control), various concentrations of VD, cRA,
or a combination of these agents. The medium containing
vehicle or test compounds was renewed every 2 days during
the course of experiments. After incubation, cells were pro-
cessed by replacing the medium with fresh RPMI 1640 con-
taining XTT reagent (50 ul of 0.025 mm PMS-XTT reagent/
well). Plates were incubated 37°C in a humidified
atmosphere of 5% CO,, for ~4 h. Absorbance at 450 nm was
read using an automated plate reader (Power Wave 340;
Biotechnology Institute, Winooski, VT) using the KC4 pro-
gram. Pilot assays demonstrated linear production of XTT
substrate product for cell densities up to 40,000 cells/well,
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which was empirically determined to be within the linear
range of the assay under these culture conditions. All exper-
iments were performed in triplicate.

TUNEL Assays. Floating and adherent cells were har-
vested by trypsinization of cells into culture medium, pelleted
by centrifugation, and fixed in 1% formaldehyde in PBS
(Sigma) for 15 min on ice. Cells were then recentrifuged at
~200 X g for 5 min, washed with PBS, and treated with 70%
ethyl alcohol. Then, 5 X 10° cells/sample were centrifuged
for 5 min, washed in PBS, and resuspended in 50 ul of a DNA
deoxynucleotidy!-transferase (terminal transferase) reaction
mixture (Roche Molecular Biochem, Indianapolis, IN), using
the manufacturer’s protocol for labeling DNA ends with Bio-
16-dUTP. After incubation at 37°C for 30 min, 1 m! of PBS
was added, followed by centrifugation as before. The cell
pellet was suspended in 100 pl of an avidin-FITC buffer
consisting of 2.8 ug/mi Avidin-FITC (Sigma), 4X SSC (20X
SSC: 3 m NaCl, 0.3 m sodium citrate (pH 7.0), 0.1% Triton
X-100, 5% nonfat dried milk (prepared in 0.02% NaNg; Refs.
20, 21). After incubation at room temperature for 30 min in
the dark, the cells were washed once in 1 ml of PBS and then
resuspended in 1% formaldehyde/PBS, and propidium io-
dide was added to a final concentration of 5 ug/ml (Becton-
Dickinson) before analysis of samples using a fluorescence-
activated cell sorter (Becton-Dickinson FACStar-Plus), using
the Cell Quest program data analysis. All experiments were
repeated three times.

Antibodies and Immunoblotting. Cell lysates were pre-
pared using RIPA buffer [10 mm Tris (pH 7.4), 150 mm NaCil,
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and
5 mm EDTA], normalized for total protein content (25 pg of
protein), and subjected to SDS-PAGE using 12% gels, fol-
lowed by electrotransfer to 0.45 um nitrocellulose transfer
membranes (Bio-Rad, Hercules, CA). Blots were incubated
as described (22) with primary antibodies, including 1:250
(v/v) mouse antihuman p21 monoclonal antibody (IgG1;
PharMingen, San Diego, CA)}, 1:1000 (v/v) mouse anti-PARP
monoclonal antibody (PharMingen), 1:1000 (v/v) mouse anti-
caspase-8 monoclonal antibody (Alexis Corp., San Diego,
CA), 2 pg/ml purified anti-cleaved-caspase-3 rabbit
polyclonal antibody (Alexis Corp.), 1:1000 (v/v) anticleaved-
caspase-3 (Asp 175) rabbit polycional antibody (Cell
Signaling, Beverly, MA), 0.05 pg/ml mouse anti-Hsp-60
monoclonal antibody (Stressgen, San Diego, CA), 1 ug/ml
purified mouse anti-B-tubulin monoclonal antibody, 1 ug/mi
purified mouse anti-Cyt-c monoclonal antibody (Phar-
Mingen), 1:2000 (v/v) of rabbit polyclonal antisera recogniz-
ing Bcl-2, Bax, or Mcl-1 (23-25), 1:1000 (v/v) of mouse
monoclonal (IgG1) specific for human BAG1 (KS6C8; Ref.
26), 1:5000 (v/v) monoclonal anti B-actin clone AC-15 mouse
ascites fluid (Sigma), 1:1000 (v/v) GFP rabbit polyclonal an-
tibody (Santa Cruz Biotechnology, Santa Cruz, CA), 1:200

(v/V) clAP1 rabbit polyclonal antibody (Santa Cruz Biotech-

nology), 1:250 (v/v) hiLP (XIAP} mouse monoclonal antibody,
and 1.5 ug/ml affinity-purified rabbit antihuman/mouse
clAP2 (R&D Systems, Minneapolis, MN). Immunodetection
was accomplished using horseradish peroxidase-
conjugated secondary antibodies (Bio-Rad, Hercules, CA)
and an enhanced chemiluminescence detection method

(ECL; Amersham/Pharmacia Biotechnology) with exposure
to X-ray film (XAR; Eastman Kodak Co., Rochester, NY).
Protein bands were quantified by scanning densitometry (low
light imaging system, Chemilmager 4000; 4000 X 4.04; Al-
pha Innotech Gorp., S8an Leandro, CA), and the intensity of
each band was calculated as a percentage relative to the
band intensity for control (untreated) samples.

Subcellular Fractionation. For Cyt-c release assays,
ALVA-31 cells (1.2 X 10° célls/10-cm dish) were treated with
0.1 um VD5, with or without 50 um zZVAD-fmk (Biomol, Plym-
outh Meeting, PA). At various times thereafter, cells were
collected for subcellular fractionation analysis, as described
previously (27), with slight modifications. Briefly, cells were
recovered from cultures by centrifugation, washed with ice-
cold PBS, resuspended in 5X volume of buffer A [20 mm
HEPES-KOH (pH 7.5), 10 mm KCI, 1.5 mm MgCl,, 1 mm
sodium EDTA, and 300 mm sucrose] containing protease
inhibitors, and cells were lysed with 30 strokes of a Teflon
homogenizer. Nuclei were discarded by centrifugation at
1,200 X g for 10 min at 4°C, and the resulting postnuclear
lysates were then centrifuged at 7000 X g for 25 min at 4°C
to obtain a membrane and organelle-enriched fraction (pel-
let) containing mitochondria. The cytosolic (supernatant)
fraction was further clarified by centrifugation at 143,000 X g
for 60 min at 4°C before analysis. Fractions were normalized
for cell equivalents and analyzed by immunoblotting, using
antibodies specific for Cyt-c (PharMingen), mitochondrial
Hsp-60 (Stressgen), and cytosolic g-tubulin (PharMingen).

Caspase Activity Assays. ALVA-31 cells were stimulated
with VD3, cRA, or the combination of these agents, in the
presence or absence of 50 um zVAD-fmk. At various times
thereafter, the cells were lysed on ice in caspase buffer [10
mum Tris (pH 7.3), 25 mm NaCl, 0.25% Triton X-100, and 1 mm
EDTA]. Caspase activity in the resulting cell lysates was
determined using fluorogenic peptide substrates, including
Ac-DEVD-AFC and Ac-LEHD-AFC (Enzyme Systems, Liver-
more, CA), which had been prepared as stock solutions at 10
mm in DMSO and diluted into caspase buffer immediately
before assays. Cell lysates (25 ng protein) were incubated at
30°C with 100 um LEDH-AFC for caspase-9 activity or DEVD-
AFC for caspase-3/caspase-7 activity measurements. For
caspase-8 activity assays, 40 um Ac-IETD-AFC (Biomol,
Plymouth Meeting, PA) was used in caspase buffer [50 mm
HEPES (pH 7.4), 10% sucrose, 1 mm EDTA, 0.1% 3-
[(3-cholamidopropyl)dimethylammonio-1-propanesulfonate,
100 mm NaCl, and 10 mm DTT], measuring substrate cleavage
at 37°C. Initial rates of substrate hydrolysis were determined
using a Tecan spectroFluor fluorimeter in kinetic mode, with
excitation at 400 nm and emission at 500 nm (slit width, 30 nm).

Transfections. ALVA-31 and LN-CaP cells were tran-
siently transfected with various plasmids using Lipo-
fectAMINE reagent (Carlsbad, CA). Briefly, cells at ~50%
confluence (~2 X 10° cells) in 6-well (9.4-cm?) plates (Corn-
ing, Inc., Corning, NY) in 2 ml/well of steroid-depleted me-
dium were incubated with 1-2.2 ug of plasmid DNA (1 ug
pPEGFP versus pEGFP-Crm A; Refs. 28, 29) or 2.2 ug pRc-
CMV versus pRcCMV-Bcl-2 (30) combined with 6 ul of Li-
pofectAMINE in a total volume of 375 pl of Opti-MEM me-
dium (Life Technologies, Inc., Grand lIsland, NY) and
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incubated for ~0.5 h. Adherent cells were washed twice with
serum-free, prewarmed Opti-MEM, and then DNA/Lipo-
fectAMINE mixtures were applied in 750-p! total volume of
Opti-MEM. After culturing at 37°C and 5% CO, for 3 h, 1.5 ml
of 20% charcoal-stripped FCS-containing medium was
added per well. After 36 h, medium was changed to fresh
RPMI  1640-deficient medium supplied with charcoal-
stripped FBS. 0.1 um VD3, CH-11 (100 ng/ml), or VP-16 (100
uM) was added, and cells were cultured for various times
before performing apoptosis or immunoblot assays. Trans-
fection efficiencies were routinely >70% based on transfect-
ing or cotransfecting a GFP-encoding plasmid. Both floating
and adherent cells (after trypsinization) were collected 4 days
after addition of VD;, 1.5 days after VP-16, and 16 h after
CH-11 and analyzed by DAPI staining for assessing nuclear
morphology.

Statistical Methods and Analysis. All experiments were
performed in triplicate, unless otherwise indicated, and mean
values were presented as + SE. A one-way ANOVA was
used to statistically analyze the recorded data for XTT as-
says. When ANOVA indicated significant differences be-
tween treatment groups with respect to one of the data sets
analyzed, the Dunnett Multiple Comparisons Test was used
on that data set to ascertain where the differences occurred.
Data on trypan biue exclusion and Annexin V were analyzed
by Mann-Whitney U Test (31). The software used for these
analyses was Graph Pad InStat, v2.02. For all statistical
tests, P < 0.05 was considered to be significant.

Results

Effects of VD; and cRA on Prostate Cancer Cell Growth.
The effects of VD, cRA, and the combination of these bio-
logical response modifiers were tested on the growth of
ALVA-31 prostate cancer cells, using an XTT assay for mon-
itoring changes in the relative numbers of viable cells over
time in culture. Treatment with concentrations of VD, ranging
from 1 to 100 nm suppressed the growth of ALVA-31 cells,
with ~50% reductions occurring at 6 days after adding VD4
to cultures (Fig. 1A). cRA also suppressed ALVA-31 cell
growth but was less potent than VD, when tested at similar
concentrations. At some concentrations (Fig. 1A, right pan-
el), the combination of cRA and VD, was superior to VD,
alone at suppressing growth of ALVA-31 prostate cancer
cells in vitro. Similar resuits were obtained either using LN-
CaP cells instead of ALVA-31 or and when using propidium
iodide staining for DNA content analysis as an alternative to
XTT assays, providing evidence of G, arrest.

The suppression of cell growth seen in cultures of prostate
cancer cells treated with VD, and cRA was associated with
induction of p21Wa", an endogenous inhibitor of cyclin-
dependent kinases (Fig. 1B). As determined by immunoblot-
ting, levels of p21¥2"" increased over time, with higher levels
of this cell cycle inhibitor induced in cells treated with VD,
than cRA, consistent with the differential potency in the
growth-suppressing activity of these agents. Loading of
equivalent amounts of protein for all samples was confirmed
by incubating the same blot with anti-g-tubulin antibody.

The XTT method does not distinguish between suppres-
sion of cell growth as a result of proliferation versus apo-
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Fig. 1. VD, and cRA suppress growth of ALVA-31 prostate cancer cells.
A, ALVA-31 cells were plated at 2000 celis/well in 96-well plates in 200 ul
of medium and cultured for up to 6 days with the indicated concentrations
of VD, {left), cRA {middle), or the combination (right) of these agents.
Medium was changed every 2 days and replaced with fresh medium
containing VD, and cRA. Relative numbers of viable cells were measured
by XTT assay, expressing data as a percentage relative to control (diluent
only) treated cells (means; bars, SD; n = 3). *, statistically significant
differences (P < 0.05). B, ALVA-31 cells were plated at 108 cells/10-cm
dish in 10 ml of medium with 0.1 M VD5, 1 pM cRA, or their combinations.
Cell lysates were prepared after 0, 1, 2, 3, or 4 days of culture, normalized

" for total protein content (25 ng/lane), and subjected to SDS-PAGE immu-

noblot assay using anti-p21We'.gpecific antibody. The same blots were
also incubated with an antibody recognizing g-tubulin. C, ALVA31 cells
were cultured for 6 days with or without 5 nm VD3, 1 um cRA, or both of
these reagents, as indicated. Cells were recovered from cultured, fixed,
permeabilized, treated with RNase, and then stained with propidium io-
dide. DNA content was analyzed by flow cytometry, and the relative
proportion of cells with DNA contents indicative of Gy-G; phase was
determined relative to cells with DNA content indicative of S or Gy-M-
phase cells. A representative experiment is shown. :

ptosis. Thus, to examine the effects of VD, and cRA on cell
proliferation, we performed cell cycle analysis where cellular
DNA content was measured in propidium iodide-stained
cells by flow cytometry. As shown in Fig. 1C, even after 6
days of culture, either VD, or cRA had only a modest effect
on prostate cancer cell cycling. In the experiment shown, for
example, the ratio of cells with DNA content indicative of
Gy-G, phase relative to cells in S and G,-M phases was
increased by <15% cRA treatment and by <35% by VD,. In
contrast, the combination of cRA and VD, was considerably
more potent at inducing G,-G, arrest, causing a >60%
increase in the ratio of G,-G,:5/G,-M cells (Fig. 1C).
Effects of VD; and cRA on Apoptosis of Prostate Can-
cer Cell Lines. In addition to suppressing proliferation of
prostate cancer cells, we explored whether VD3, cRA, or the
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combination of these agents induces apoptosis of prostate
cancer cells. Examination of DAPI-stained cells by UV mi-
croscopy showed clear evidence of increased percentages
of cells with typical apoptotic morphology in cultures of
ALVA-31 and LN-CaP cells treated with VD3 and to a lesser
extent with cRA. Fig. 2 presents some representative results
for ALVA-31 cells treated for 4 days with VD3, cRA, or the
combination of these agents. Although precise time-course

Fig. 2. Induction of apoptosis of prostate cancer cells by VD;. A,
ALVA-31 cells were cultured with ethanol diluent (a and d), 0.1 um VD; (b
and ¢), or the combination of VD, and cRA (c and f) for 4 days, without
(a-c) or with {d-f) 50 um zZVAD-fmk. Floating and adherent cells were
recovered from cultures, pooled, fixed, stained with DAPI, and then ex-
amined by UV microscopy (bar, 10 pm). B, a TUNEL assay was used to
determine the percentage of ALVA-31 cells with fragmented DNA, after
culture for 4 days with 0.1 um VD5, 1 uM cRA, or their combination.
Analysis was accomplished by flow cytometry. Data are representative
results from a total of three separate experiments. C, ALVA cells were
cultured for 4 days with 0.1 um VD3, 1 um cRA, or their combination. As
a control, cells were also treated with 100 um of the topoisomerase
inhibitor, VP16. Both fioating and attached cells were collected after
treatment, and cell lysates were prepared, normalized for total protein
content (40 ng), and analyzed by SDS-PAGE/immunoblotting using anti-
PARP antibody. The positions of the uncleaved M, 110,000 and cleaved
M, 85,000 PARP bands are indicated.

analysis was not performed, the onset of apoptosis and cell
cycle arrest occurred with similar kinetics in cultures of pros-
tate cancer cells treated with VD5 alone or in combination
with cRA. .

To confirm that the morphological changes were attribut-
able to apoptosis, the broad-spectrum caspase inhibitor,
zZVAD-fmk, was included in cultures along with VD5 and cRA.
As shown in Fig. 2A (panels d-f), 50 um zVAD-fmk prevented
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Fig. 3. VD induces caspase-9 processing and activation in prostate
cancer cells. A, immunoblot analysis was performed using lysates from
ALVA-31 cells cultured with 0.1 um VD3, 50 um ZVAD-fmk, or a combina-
tion of these reagents for 4 days. Alternatively, cells were treated with 100
M VP16 for 2 days or with 100 ng/ml CH-11 antibody for 16 h before
preparing lysates. After normalizing for total protein content (25 png),
lysates were analyzed by SDS-PAGE/immunobiotting using antibodies
specific for caspase-9 (left), caspase-8 (middle), or activate (cleaved)
caspase-3 (right). Arrows, the positions of: left, full-length and cleaved
large and small subunits of caspase-9; middle, full-length pro-caspase-8,
a partially processed form of caspase-8, and the fully processed large
subunit; and right, the processed large subunit of caspase-3. Molecular
weight markers are indicated in thousands. B, ALVA-31 cells were cul-
tured with 0.1 um VD3, 1 um cRA, or both of these agents, in the absence
or presence of 50 um zVAD-fmk. Cell lysates were prepared, normalized
for total protein content, and analyzed for activity of various caspase-
family proteases using the AFC-based fluorogenic substrates: top, Ac-
DEVD-AFC (caspase-3); middle, Ac-LEHD-AFC; and below, Ac-IETD-AFC
(caspase 8). Data represent relative fluorescent units/min (means; bars,
SD; n = 3).

apoptosis, inhibiting chromatin condensation and nuclear
fragmentation. Consistent with apoptosis induction, VD; also
caused DNA fragmentation in cultured ALVA-31 and LN-CaP
cells, as determined by TUNEL assays (Fig. 2B and data not
shown). cRA, in contrast, was not effective at inducing sig-
nificant increases in TUNEL-positive cells, although the com-
bination of cRA and VD3 was slightly more potent than either
agent individually (Fig. 2B). Similar conclusions were reached
by using an Annexin V/propidium iodide staining method to
measure percentages of apoptotic cells, as well as based on
DNA content analysis where the proportion of cells with
subdiploid amounts of DNA were measured (not shown).
During apoptosis, activated caspases cleave various sub-
strate proteins, including the nuclear protein PARP (32). We
therefore assessed the effects of VD; and cRA on PARP
cleavage by immunoblot analysis. VD, cRA, and the com-
bination of these agents induced cleavage of M, ~110,000
PARP, producing the M, ~85,000 proteolytic product typical
of caspase digestion (Fig. 2C). PARP cleavage was blocked
by culturing ALVA-31 cells with caspase inhibitor, ZVAD-fmk.
Assessment of Caspase Cleavage Patterns in VD,-
treated Prostate Cancer Cells. To preliminarily assess
which caspase activation pathway might be responsible for
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Fig. 4. VDj induces caspase-independent release of Cyt-c from mito-
chondria. ALVA-31 cells were cultured with 0.1 um VD3 alone or together
with 50 um caspase inhibitor zZVAD-fmk, where zZVAD-fmk was added to
cultures 12 h before VD;. Medium was changed every 2 days, replenishing
VD, and zVAD-fmk. The cells were lysed in isotonic, detergent-free solu-
tion 4 days after addition of VD,. Mitochondria-containing membrane (M)
and cytosolic (C) fractions were prepared, normalized for cell equivalents,
and analyzed by SDS-PAGE/immunoblotting using anti-Cyt-c antibody,
as well as antibodies recognizing mitochondrial Hsp60 and cytosolic
B-tubulin which served as loading controls, and verifying proper fraction-
ation. '

VD;-mediated apoptosis, we analyzed lysates from ALVA-31
cells by immunoblotting using antibodies recognizing either
caspase-8 or caspase-9, the apical proteases in the extrinsic
and intrinsic pathways, respectively. As shown in Fig. 3A,
VD; induced cleavage of pro-caspase-9, as ascertained by
reduced levels of the M, ~50,000 proform and appearance of
a M, ~35,000 band corresponding to the large subunit of
processed caspase-9. The cleavage of pro-caspase-9 was
partially blocked by zZVAD-fmk, demonstrating the specificity
of these results. Treatment of cells with the DNA-damaging
agent VP16 served as a control for an apoptotic stimulus
known to activate the intrinsic pathway. In contrast to
caspase-9, treatment of prostate cancer cells with VD, failed
to induce proteolytic cleavage of pro-caspase-8. As a con-
trol, culturing cells with anti-Fas antibody, CH-11, a known
inducer of caspase-8 processing (Fig. 3A), stimulated
caspase-8 cleavage. In addition to caspase-9, VD; also in-
duced cleavage of pro-caspase-3, a downstream effector
protease. Active caspase-3 was detected using an antibody
that specifically recognizes the cleaved large subunit of the
processed protease (Fig. 3A).

Caspase activity in VD;-treated prostate cancer cells was
also assessed by enzyme assays, measuring hydrolysis of
fluorogenic peptide substrates in cell lysates. As shown in
Fig. 3B, VD, induced increases in protease activity cleaving
the caspase-9 substrate Ac-LEHD-AFC and the caspase-3
substrate Ac-DEVD-AFC but not the caspase-8 substrate
Ac-IETD-AFC. Treatment of prostate cancer cells with anti-
Fas antibody (CH-11) or VP16 served as positive controls
for activation of caspase-8 and caspase-9, respectively
(Fig. 3B).

VD; Induces Caspase-independent Release of Cyt-c
from Mitochondria. Because Caspase-9 activation com-
monly results from release of mitochondrial Cyt-c (33), we
explored the effects of VD5 on Cyt-c using subcellular frac-
tionation methods. For these experiments, mitochondria-
containing membrane (M) and soluble cytosolic (C) fractions
were compared by immunoblotting using anti-Cyt-c anti-
body. As shown in Fig. 4, nearly all of the Cyt-c was found in
M fractions before VD, treatment. After culturing prostate
cancer cells with VD5, marked increases in cytosolic Cyt-c
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were detected. The release of Cyt-c into the cytosol was not
inhibited by zVAD-fmk, indicating a caspase-independent
process. Incubating the same blots with antibodies to mito-
chondrial Hsp60 and cytosolic B-tubulin confirmed success-
ful fractionation of the relevant cellular compartments (Fig. 4).
Taken together, these data suggest that VD; directly induces
release of Cyt-c from mitochondria without requirement for
caspases.

Enforced Overexpression of Bcl-2 Protects Prostate
Cancer Cells from VD;-induced Apoptosis. To further ex-
plore the whether VD, induces apoptosis primarily through
the intrinsic pathway, we transiently transfected ALVA-31
cells with a plasmid -encoding Bcl-2 protein, an inhibitor of
Cyt-c release and suppressor of the intrinsic pathway for
caspase activation. In addition, transfectants were generated
that express the CrmA protein, a potent inhibitor of
caspase-8, which suppresses the extrinsic pathway for cell
death (34). Expression of plasmid-derived Bcl-2 and CrmA
proteins was verified by immunoblotting. Comparisons were
made with control-transfected ALVA-31 cells that received
the same plasmid lacking a cDNA insert (Fig. 5, A and B).
Expression efficiency was similar for all transfectants, as
determined by cotransfection with a GFP encoding plasmid.

ALVA-31 cells overexpressing Bcl-2 displayed marked re-
sistance to apoptosis induced either by VD; or by the DNA-
~ damaging agent VP16 (Fig. 5C), which was included as a
positive control (35). In contrast, CrmA expression in
ALVA-31 cells had comparatively little effect on VD-induced
apoptosis (Fig. 5D). Although reducing the percentage of
apoptotic cells, CrmA-mediated protection from VD; failed to
reach statistical significance, suggesting a relatively minor
role for the extrinsic pathway in VD5-induced apoptosis. In
contrast, CrmA potently protected ALVA-31 cells from ap-
optosis induced by anti-Fas antibody CH11 (Fig. 5D), con-
firming the functionality of this antiapoptotic protein. Alto-
gether, these data lend further support to the contention that
VD, induces apoptosis predominantly through the intrinsic
pathway.

VD, Down-Regulates Expression of Antiapoptotic
Bcl-2 Family Proteins in Prostate Cancer Cells. Because
Bcl-2 family members are critical regulators of mitochondrial
release of Cyt-c (8), we assessed the effects of VD3, cRA,
and the combination of these agents on the expression of the
Bcl-2 family proteins Bcl-2, Bel-X,, Mcl-1, Bax, and Bak by
immunoblotting. For these experiments, ALVA-31 cells were
cultured for 1-4 days with 0.1 um VD, 1 um cRA, or the
combination of these reagents (note that the combination of
0.1 um VD5 and 1 um cRA showed similar cell growth sup-
pression and apoptotic effects compared with 0.05 um VD,
+ 0.5 um cRA; data not shown). Lysates were prepared on
sequential days (1-4 days) and analyzed by immunoblotting,
using antibodies specific for these Bel-2-family proteins. At
0.1 um, a pharmacologically relevant concentration, VD; in-
duced time-dependent declines in the steady-state levels of
antiapoptotic proteins Bcl-2, Bcl-Xi, and Mcl-1, without sub-
stantially changing the levels of proapoptotic proteins, Bax
and Bak (Fig. 6). On the basis of quantification of the data by
scanning densitometry, reductions in the steady-state levels
of Bcl-2, Bel-X,, and Mcl-1 began within 1 day of treatment
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Fig. 5. Overexpression of Bcl-2 suppresses VDj-induced apoptosis.
ALVA-31 cells were transiently transfected with pRcCMV control or pRe-
CMV-Bel-2 plasmids (4) or with pEGFP (“GFP”) or pEGFP-CrmA (B).
Lysates were prepared from transiently transfected cells treated with
vehicle and apoptosis-inducing agents (VD; and VP-16) normalized for
total protein content (25 pg/lane) and analyzed by SDS-PAGE/immuno-
blotting using antibodies specific for Bcl-2 (A) and GFP (B). Blots were
also incubated with anti-g-tubulin antibody as a control for loading. C and
D, transfectants of ALVA-31 cells were cultured with or without 0.1 um VD3
for 4 days, 100 um VP16 for 1.5 days, or 100 ng/m! CH11 antibody for 16 h,
as indicated, and the percentage of apoptotic cells was determined by
DAPI staining {means; bars, SD; n = 3).

with VDj, declining to ~20-25% of control by 2-3 days (Fig.
6C). cRA (1 um) was comparatively less potent than VD5 (0.1
M) at inducing decreases in the levels of Bcl-2 and Bel-X|,
although its effects on Mcl-1 expression were similar to VD,
at the doses tested. The combination of cRA and VD; was
only slightly more effective than VD; alone at reducing ex-
pression of antiapoptotic Bcl-2 family proteins, with the
clearest difference observed for Bcl-X, (Fig. 6C). These ef-
fects of VD, and cRA on expression of Bcl-2 family proteins
were caspase-independent, as determined by experiments
in which ALVA-31 cells were pretreated with zVAD-fmk,
demonstrating that VD5 and cRA reduce levels of these
proteins even in the presence of a broéd-spectrum caspase
inhibitor (data not shown).

VD, Reduces Levels of BagiL Protein. Aithough VD,
was found to suppress the expression of several antiapo-
ptotic Bcl-2 family proteins, we explored the possibility that
this steroid hormone might additionally have effects on other
apoptosis regulators. The human BAG7 gene encodes at
least two Hsp70-binding proteins, including M, ~50,000 nu-
clear and M, ~36,000 cytosolic proteins, which have been
implicated in apoptosis suppression and other functions (26,
36). We examined the effects of VD, cRA, and the combi-
nation of these agents on levels of p36 Bag1 and p50 BagiL
in ALVA-31 prostate cancer cells by immunoblotting, as de-
scribed above. When applied individually, VD4 and cRA each
profoundly down-regulated levels of p50 Bag1L, having less
inhibitory influence on p36 Bag1 (Fig. 6B). The combination
of VD5 and cRA resulted in more rapid decline in p50 BagiL
levels compared with treatment of ALVA-31 cells with either
agent alone (Fig. 6C). Thus, in addition to Bcl-2 family pro-
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teins, VD; also inhibits expression of Bag1L. The reductions
in Bag1L levels induced by VD; and cRA were caspase-
independent, as determined by experiments in which
ALVA-31 cells were pretreated with zZVAD-fmk, demonstrat-
ing that VD; and cRA reduce levels of Bagll even in the
presence of a broad-spectrum caspase inhibitor' (data not
shown).

VD, Reduces Levels of IAP-Family Proteins in VDR-
expressing Prostate Cancer Cells. The human IAP-family
members XIAP, clAP1 and clAP2 are antiapoptotic proteins,
which have been demonstrated to directly bind and inhibit
certain caspases (11, 37). We analyzed the effects of 0.1 um
VD3, 1 um cRA, and the combination of VD; and ¢RA on
levels of XIAP (Fig. 7A), clAP1 (Fig. 7B), and clAP2 (Fig. 7C)
proteins by immunoblotting in the VDR-expressing prostate

side comparisons of effects of
VD3, cRA, and the combination
of VD, and cRA were performed
at days 1-4, using antibodies
recognizing Mcl-1, p50 Bagill,
and p36 Bagl, with B-tubulin
serving as a control. C, immuno-
blot data were quantified by
scanning densitometry, normal-
ized relative to B-actin or g-tubu-
lin loading controls, and ex-
pressed as a percentage relative
to diluent-treated (control) cells.
Representative data for Bcl-2,
Bel-X,, Mcl-1, Bagil, and Bax
are presented.

cancer cell lines ALVA-31 and LN-CaP. The VDR-insensitive
prostate cancer line Du-145 was also tested, as a control.
VD; reduced levels of XIAP and clAP1 in both ALVA-31 and
LN-CaP but not Du-145 cells. Levels of clAP2 were also
reduced in LN-CaP cells treated with VD, but not in the other
cell lines tested. Pretreatment of cells with ZVAD-fmk dem-
onstrated that VD;-induced reductions in levels of IAPs were
largely, but not entirely, caspase-independent (Fig. 7).
cRA had more variable effects on IAP expression, slightly
reducing XIAP levels in ALVA-31 and LN-CaP cells, partially
depressing levels of clAP1 in LN-CaP but not ALVA-31, and
markedly reducing levels of clAP2 in LN-CaP but not
ALVA-31 cells. IAP expression was not affected by cRA
treatment of Du-145 cells (Fig. 7). Treatment of ALVA-31 and
LN-CaP cells with the combination of VD, and cRA resulted
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Fig. 7. VD, reduces levels of IAP-family proteins in prostate cancer cell
lines. Prostate cancer cell lines ALVA-31 (left), LN-CaP (middle), and
Du-145 {right) were cultured for 4 days with 0.1 um VD3, 1 um cRA, or their
combinations. In some cases, 50 um caspase inhibitor zZVAD-fmk was
added to cultures 12 h before VD, and cRA. Medium was changed every
2 days, replenishing VD3, cRA, and zVAD-fmk. Cell lysates were prepared,
normalized for total protein content (25 ug/lane), and subjected to SDS-
PAGE/immunoblot assay (12% gels) using antibodies recognizing XIAP

in suppression of IAP-family proteins, similar to VD, alone.
Again, the suppression of IAP expression by the combination
of cRA and VD, was partially caspase-independent.

Discussion

The discovery of VDR within the epithelial cells of the pros-
tate almost a decade ago initiated numerous studies to ex-
plore the effects of VDR ligands on malignant cells originat-
ing from this gland, demonstrating that VD, is capable of
inhibiting the growth of at least some prostate cancers (1).
Recent investigations have provided evidence that this
growth inhibition involves both reduced cell division and
increased apoptosis (6). Here we confirmed the apoptosis-
inducing effects of the naturally occurring VDR ligand, VD5,
on two VDR-expressing prostate cancer cell lines ALVA-31
and LN-CaP and explored the mechanisms involved.

Our data indicate that VD, activates the intrinsic pathway
for apoptosis in prostate cancer cell lines. The evidence
supporting this conclusion includes: (a) proteolytic process-
ing of pro-caspase-9-but not pro-caspase-8; (b) induction of
LEHD (caspase-9) but not IETD (caspase-8) protease activ-
ity; (c) caspase-independent release of Cyt-c from mitochon-
dria; and (d) suppression of VD5-induced apoptosis by over-
expression of Bcl-2 but not CrmA. These findings thus
confirm and extend previous studies of the action of VD; in
human prostate cancer cell lines (6).

The mechanism by which VD, induces mitochondrial re-
lease of Cyt-c remains to be elucidated. One potential mech-
anism involves reducing expression of antiapoptotic Bcl-2
family proteins, Bcl-2, Bel-X,, and Mcl-1, without affecting
levels of proapoptotic proteins, Bax and Bak. Bcl-2 family
proteins are central regulators of Cyt-c release from mito-
chondria, with ratios of anti- and proapoptotic Bcl-2 family
members dictating whether Cyt-c remains sequestered in
these organelles or is released into the cytosol (reviewed in
Ref. 8). Thus, VD;-mediated down-regulation of the expres-
sion of these antiapoptotic Bcl-2 family proteins may precip-
itate Cyt-c release in prostate cancer cells. Future studies will
determine whether VD, induces reductions in Bcl-2, Bel-X,,
and Mcl-1 protein levels through direct transcriptional mech-
anisms versus alternative indirect mechanisms that may in-
volve posttranscriptional steps in gene regulation. In this
regard, the delayed time course with which VD, triggers
reductions in Bcl-2-family proteins tends to suggest an in-
direct mechanism.

In addition to Bcl-2-family proteins, we observed that VD3
also reduced levels of other types of proteins known to be
involved in apoptosis suppression, including IAP-family
members. Although it is possible that VD, directly reduces
expression of IAP-family gene via VDR-mediated transcrip-
tiona! mechanisms, the expression of XIAP, clAP1, and
clAP2 has been reported to be controlled largely through

{A), clAP1 (B), or clAP2 (C), followed by antibody detection using an ECL
methods with exposure to X-ray film. Immunoblot data (top) were quan-
tified by scanning densitometry, expressing results as a percentage rel-
ative to diluent-treated (control) cells (bottom). All data are representative
of at least three experiments.
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posttranscriptional mechanisms (38, 39). In this regard, these
members of the IAP-family possess an E3-like function be-
cause of their ability to bind ubiquitin-conjugating enzymes,
inducing their own proteasome-dependent degradation (40).
Thus, VD; may reduce expression of IAPs by indirect mech-
anisms. Moreover, more than one mechanism may contrib-
ute to the reduced levels of IAPs seen in VD,-treated pros-
tate cancer cells, given that a caspase-inhibitory compound
(zVAD-fmk) partially prevented VD;-mediated down-regula-
tion of some IAPs in some prostate cancer cell lines.

The caspases that are inhibited by XIAP, clAP1, and clAP2
operate in the intrinsic pathway (caspase-9) and at the con-
vergence of the intrinsic and extrinsic pathways (caspase-3
and caspase-7). Thus, the ability of VD, to activate the in-
trinsic pathway could be partly attributable to its effects on
IAP expression. However, IAP-family proteins operate down-
stream of Cyt-c release (11). Thus, although reduced levels
of XIAP, clAP1, and clAP2 would be expected to lower the
threshold of caspase activity needed to execute the apo-
ptotic program, it would not be sufficient to cause Cyt-c
release. Consequently, we favor the idea that effects of VD,
on Bcl-2 family protein are more likely to explain the ability of
this steroid hormone to trigger apoptosis of prostate cancer
cell.

Interestingly, VD, reduced expression of BagiL, a Hsp70-
binding nuclear protein that has been shown to suppress
apoptosis when overexpressed in breast cancer cell lines
through an unknown mechanism (41). BagiL has several
potential functions, including modulating the transcriptional
activity of steroid/retinoid family transcription factors. In this
regard, we demonstrated previously that VD, induces asso-
ciation of VDR with Bag1L and provided evidence that Bag1L
enhances the transcriptional activity of VDR in cells (42). The
down-regulation of Bag1L protein levels seen in VD;-treated
cells thus suggests the possibility of a negative feedback
mechanism in which reduced levels of Bag1L would be ex-
pected to render cells more resistant to VDR ligands. Con-
sequently, the inhibitory effect of VD, on prostate cancer
cells may be self-limited.

Because VDR binds its cognate response elements in
target genes as either a homodimer (VDR/VDR) or het-
erodimer (VDR/RXR), we contrasted the effects of VD, alone
and in combination with a RXR ligand, cRA. Although addi-
tion of cRA may reduce the amounts of VD, required to
achieve reductions in antiapoptotic proteins, the net effect of
using VD3 in combination with cRA was not clearly superior
to VD, alone. However, this issue deserves further investi-
gation, particularly with respect to contrasting various syn-
thetic ligands for VDR and RXR in an effort to identify syn-
ergistic combinations that might permit potent anticancer
activity with reduced side effects. In this regard, combined
treatment of some types of human tumor lines (e.g., NCI-
H82, HL-60, and MCF-7) with VDR and RXR ligands has
been shown previously to provide superior growth-inhibitory
activity compared with either agent individually (43-46).
Also, it should be noted that although VD, acts through both
nuclear VDR-dependent as well as through nongenomic
mechanisms, for example causing rapid changes in uptake
of Ca*2 in the intestine (47), it has been shown clearly that

VDR is necessary for the growth-inhibitory actions of this
ligand.

Taken together, the data reported here indicate that VD,
reduces expression of multiple antiapoptotic proteins in sen-
sitive prostate cancer cell lines and that it promotes induc-
tion of apoptosis via the mitochondrial (intrinsic) pathway.
These findings suggest the possibility of using VDR ligands
to reduce thresholds for apoptosis, thus sensitizing prostate
cancer cells to the cytotoxic actions of conventional chemo-
therapeutic drugs and X-irradiation, which also generally in-
duces apoptosis via the intrinsic pathway. An important con-
sideration in applications of VD; for prostate cancer
treatment is selecting patients whose tumors express VDR
and in which VDR is transcriptionally competent, as revealed
by the lack of efficacy of VD, in Du-145 prostate cancer cells.
Thus, VDz-based therapy for prostate cancer may be most
applicable to early-stage tumors. Also, the ability of VD, to
reduce expression of BagliL suggests that VD, responses
will be self-limiting, necessitating that careful consideration
is given to the sequencing and timing of combination thera-
pies using VD, together with chemotherapy or radiotherapy.
These and other issues require further investigation if natural
or synthetic ligands of VDR are to be optimally exploited for
the treatment of prostate cancer.
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cochaperone and its
interactions with Hsc70
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Kléra Briknarova'?, Shinichi Takayama'?, Lars Brive',
Marnie L. Havert!, Deborah A. Knee?, Jesus Velasco!,
Sachiko Homma?, Edelmira Cabezas’, Joan Stuart?,
David W. Hoyt3, Arnold C. Satterthwait!, Miguel Llinas?,
John C. Reed! and Kathryn R. Ely?

The Burnham Institute, La Jolla, California 92037, USA. 2These two authors
contributed equally to this work. JEMSL, Pacific Northwest National
Laboratory, Richland, Washington 99352, USA. *Department of Chemistry,
Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA.

BAG-family proteins share a conserved protein interaction
region, called the ‘BAG domain) which binds and regulates
Hsp70/Hsc70 molecular chaperones. This family of cochaper-
ones functionally regulates signal transducing proteins and
transcription factors important for cell stress responses,
apoptosis, proliferation, cell migration and hormone action.
Aberrant overexpression of the founding member of this fam-
ily, BAG1, occurs in human cancers. In this study, a structure-
based approach was used to identify interacting residues in a
BAG1-Hsc70 complex. An Hsc70-binding fragment of BAG1
was shown by multidimensional NMR methods to consist of
an antiparallel three-helix bundle. NMR chemical shift exper-
iments marked surface residues on the second (0:2) and third
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(c3) helices in the BAG domain that are involved in chaperone
binding. Structural predictions were confirmed by site-direct-
ed mutagenesis of these residues, resulting in loss of binding
of BAG1 to Hsc70 in vitro and in cells. Molecular docking of
BAG1 to Hsc70 and mutagenesis of Hsc70 marked the molecu-
lar surface of the ATPase domain necessary for interaction
with BAG1. The results provide a structural basis for under-
standing the mechanism by which BAG proteins link molecu-
lar chaperones and cell signaling pathways.

Both in vitro and in vivo'=, the BAG domain of BAGI sup-
presses refolding of peptide substrates by the molecular chaper-
one Hsc70. This suppression apparently uncouples
ATP-hydrolysis from peptide release and acts as an antagonist of
the cochaperone protein Hsc70 interacting protein®® (Hip).
BAG-family proteins are conserved throughout evolution, with
homologs® found in humans, mice, Drosophila, Caenorhabditis
elegans, Schizosaccharomyces pombe, Saccharomyces cerevisiae
and plants. The human members of this family include BAG1,
BAG2, BAG3 (CAIR-1/Bis), BAG4 (SODD), BAG5 and BAG6
(BAT3/Scythe)>!, In addition to the BAG domain near the
C-terminal end of the molecules, BAG proteins also contain
diverse N-terminal regions that target cellular locations and
interact with other proteins involved in numerous cellular
processest2, It is speculated that BAG proteins serve as bridging
molecules that recruit Hsc70 to specific target proteins, thus cre-
ating a novel mechanism to alter cell signaling by conformation-
al change rather than post-translational modification®810,

Structure of BAG domain

NMR experiments indicate that the C-terminal region of BAG1
is highly helical (Fig. 1a), consistent with the results of circular
dichroism (CD) analysis and secondary structure prediction®.
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Fig. 1 C-terminal region of BAG1 is a three-helix bundle. a, Ca chemical shift index?? (CSI) of residues 90-219 of murine BAG1 (mBAG1). The sequence of
the murine BAG1 fragment used in this study is indicated to scale below the CSl data and aligned with human BAG1L. The o-helices are defined schemat-
ically at the top of the figure. b, Stereo image of superimposed backbone traces of a family of 25 final structures of BAG1 residues 99-210. The first helix
(1) is colored blue, the second one (02) green and the third one (a3) orange; the connecting loops are white. The images were generated with the pro-
gram MOLMOL34, ¢, Ribbon representation of BAG1 residues 99-210 colored according to *H- and N-chemical shift changes of the individual residues
upon binding of Hsc70 peptide {(Asn 256-Cys 267). The color intensity is proportional to the change. Gray indicates residues for which no data are avail-
able. Some of the residues with the most pronounced changes are labeled. The model depicted here is rotated 180° relative to the orientation in (b).
d, Comparison of BAG1 with syntaxin (view as in (a)). Tube models of the co atoms of residues 101-212 of BAG1 {orange) and residues 27-146 of syntax-
in (blue; PBD code 1BR0)2 are superimposed. Note the similar configuration of helices in these two antiparalle! three-helix bundles.
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The structure of the BAG1 fragment studied here comprises
three distinct helical regions — a1 (residues Glu 99-Gln 132),
02 (residues Lys 138-Asp 167) and o3 (residues
Lys 176-Leu 210) — arranged in an antiparallel bundle (Fig. 1).
Sequence similarities and secondary structure predictions®!
suggest that most BAG family proteins may contain a similar
three-helix structure.

Interactions of BAG1 with Hsc70

We predicted regions of direct contact between BAG1 and the
ATPase domain (residues 1-377) of Hsc70 (ref. 13) based on
homology with a complex of GrpE and the ATPase domain of
DnaK (the bacterial counterpart of Hsc70)!. To test this model
experimentally, synthetic peptides representing two helices
(residues Ala 54-Pro 63 and Asn 256-Cys 267), which flank the
predicted binding crevice in Hsc70, were used in NMR-moni-
tored titrations of BAG1. The latter peptide, Asn 256-Cys 267,
induced pronounced chemical shift changes in the central region
of 02 and a3 of BAG1 (Fig. 1c). These results demonstrated that
residues interacting with Hsc70 lie on adjacent turns of 0.2 and
03 and are located on the same face of the conserved BAG
domain.

Sites for mutagenesis in BAG1 were selected based on the
results of these chemical shift experiments and used to evaluate
the role of residues at predicted interacting surfaces between the
BAG domain and Hsc70. In contrast to wild type protein,
mutant BAG molecules with Ala substituted at residues Glu 157
and Lys 161 in a2 and Gln 190, Asp 197 and Gln 201 in o3 failed
to bind Hsc70 ATPase domain in yeast two hybrid (data not
shown) and in vitro binding assays (Fig. 2). These mutant mole-
cules retained wild type folding patterns, as verified by CD (data
not shown). Consistent with the model, mutant proteins with
Ala substituted in the central region of al at residues Glu 115,
Lys 116, Asn 119 or Lys 126 retained the ability to bind to Hsc70.
The contact surfaces suggested by mutagenesis correlate well
with those predicted by the chemical shifts (Fig. 1c). Thus, a
region of BAGI that is essential for binding to the ATPase
domain of Hsc70 has been defined.

To test the predicted molecular surface of the ATPase domain
of Hsc70 contacting BAG1, the BAG domain was docked interac-

Fig. 3 Contact regions of the BAG1-Hsc70 ATPase complex. The proteins
are represented by red Co. traces and transparent surfaces of BAG1 on
the left and Hsc70 ATPase domain's on the right. An ADP molecule that
binds in the cleft between the two lobes of the ATPase domain is shown
in red as van der Waal’s spheres. The complex has been ‘opened up’ by a
180° rotation of BAG1 to reveal the contact surfaces predicted from
mutagenesis and molecular docking. The sites of mutation that abolish
binding are colored yellow and adjacent contact sites suggested from
molecular docking are colored cyan. This image was produced with the
program SPOCK3s,
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Fig. 2 Mutational analysis of BAG1 binding to Hsc70. a, GST fusion pro-
teins representing wild type BAG1 (WT; residues 90-219) or mutants
were tested. Mutants were made by substituting Ala for surface residues
in the central region of the elongated BAG1 molecule at residues on
adjacent turns of each a-helix. The mutations were: H1A (E115A, K116A,
N119A); H1B (E123A, K126A); H2A (D149A, R150A); H2B (E157A, K161A);
H3A (Q190A); and H3B (D197A, Q201A). Proteins were immobilized on
glutathione-Sepharose beads and tested for in vitro binding to in vitro
translated (IVT) 3S-L-Met-labeled Hsc70 ATPase domain (residues
67-377). GST-CDA40 (cytoplasmic domain) was included as a negative con-
trol. Samples were analyzed by SDS-PAGE and autoradiography to detect
bound Hsc70-ATPase (upper panel) and with Coomassie blue staining to
verify loading of equivalent amounts of GST-fusion proteins (lower
panel). IVT 35-Hsc70-ATPase was also loaded directly in the gel for com-
parisons of the amount of input versus bound Hsc70 ATPase. b, GST-
fusion proteins representing wild type Hsc70 (WT; residues 1-377) or -
mutant Hsc70 molecules with substitutions at sites predicted to bind
BAG1 were tested. The mutations were: B1 (R258A, R262A), B2 (E283A,
D285A) and C (E318A, R322A). The proteins were immobilized on glu-
tathione-Sepharose beads and mixed with in vitro translated 355-L.-Met-
labeled mouse BAG1. The assay to detect bound BAG1 was performed
and monitored as described for (a).

tively to the atomic model of Hsc70 (ref. 15). Our previous stud-
ies defined the minimal BAGI-binding region (residues
186-377) of Hsc70 (ref. 1). This region lacks the N-terminal lobe
of the bi-lobed ATPase domain. Docking strategies optimized
geometric and electrostatic charge complementarity of the cen-
tral part of the electronegative BAG domain with the C-terminal
lobe of the ATPase domain. Residues on the surface of the
ATPase domain oriented to contact critical residues in the BAG
domain were selected as sites for Ala substitution mutagenesis,
including Arg 258, Arg 262, Glu 283 and Asp 285. Unlike the
wild type ATPase domain, all of these mutants failed to bind
BAG]1 when tested in yeast two hybrid (data not shown) and
in vitro binding assays (Fig. 2). In contrast, substitution of Ala
for residues Glu 318 and Arg 322 on the opposite face of this lobe
did not inhibit interaction with BAG1. These results define a sur-
face region on Hsc70 that is the site for binding BAG1. This sur-
face differs from that predicted by homology modeling!? because
the contact surface involves only one lobe of the ATPase domain.

The BAG1 and Hsc70 recognition surfaces predicted by these
studies are shown in Fig. 3. The interacting region in Hsc70 is
located on one face of the C-terminal lobe adjacent to a deep
crevice in the bi-lobed ATPase domain. ATP binds at the bottom
of this crevice!>!6, Members of the Hsc70/Hsp70 heat shock fam-
ily interact with linear peptide folding intermediates. This inter-
action is mediated by cycles of ATP binding and hydrolysis
followed by ADP/ATP exchange and peptide release. The
prokaryotic homologue of BAG1, GrpE, binds to both lobes of
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‘Fig. 4 BAG domain is necessary for transactivation of AR by BAG1L.

Mutant BAG1L proteins containing Ala substitutions within the BAG
domain that ablated Hsc70 binding in vitro and a BAG1L truncation
mutant lacking o3 of the BAG domain (AC) were tested. Mutant proteins
are H2B (E157A, K161Ain 02) and H3B (D197A, Q201A in 3). (These sites
are numbered 283, 287, 323 and 327 in human BAGI1L). Cos-7 cells were
transfected with fixed amounts of pSG5-AR, pLCl, pCMV-BGal and
increasing amounts of pcDNA3-BAGIL, wild type and mutants. Cell
extracts were prepared and assayed for CAT and B-galactosidase activity
at 40 h after transfection. Data are expressed as fold transactivation rel-
ative to cells transfected with reporter gene alone (mean + S.E.; n = 2).

the Hsp70 homolog DnaK ATPase domain'4'” and stimulates
dissociation of ADP from DnaK by inducing a conformational
change in the nucleotide-binding cleft, including the N-terminal
lobe of the domain'. BAG1 is also known to promote dissocia-
tion of ADP?, but the mechanism may differ and remains to be
elucidated. In contrast to GrpE, our results suggest that contact
with the N-terminal lobe of the ATPase domain may not be criti-
cal for binding of BAGI.

Analysis of the BAG1-Hsc70 contacts in vivo

The significance of the structural analyses was tested in intact cells,
comparing the bioactivity of wild type and mutant BAGI proteins.
Atleast four isoforms of BAG1 are produced in many cells, includ-
ing BAGI and a longer isoform BAGI1L. The unique N-terminal
region of BAGIL contains both SV40 large T-like and nucleoplas-
min-like candidate nuclear localization signals, which target
BAGIL to the nucleus®. BAG1L has been shown to form complexes
with and coactivate steroid hormone receptors!®-22, such as andro-
gen receptor!! (AR), in a manner requiring the BAG domain-con-
taining C-terminal region of BAG1. We therefore engineered the
same mutations described above for BAG1 into plasmids encoding
the BAGIL protein and tested them for the ability to enhance the
transcriptional activity of AR. As shown in Fig. 4, wild type BAG1L
caused a concentration-dependent increase in AR-medjiated trans-
activation of a reporter gene promoter containing androgen
response elements (AREs)!!. However, mutant BAG1L proteins
containing the same Ala substitutions within the BAG domain that
ablated Hsc70 binding demonstrated diminished capacity to affect

Table 1 Structural statistics for BAG1

Ensemble

R.m.s. deviation from experimental restraints!
NOE distance restraints (A)
Dihedral angle restraints (°)

R.m.s. deviation from idealized geometry

0.030 £ 0.001
0.42 +0.03

Bonds (A) 0.0031 £0 .0002

Angles (°) 0.46 + 0.01

Impropers (°) 0.36 £ 0.01
R.m.s. deviation from mean coordinates?

Backbone atoms (N, Co, C) (A) 11204

Heavy atoms (A) 1.6+03
Ramachandran plot2

Most favored regions (%) 94.2

Additional allowed regions (%) 4.4

Generously allowed regions (%) 1.0

Disallowed regions (%) 0.4

No NOE distance and dihedra! angle restraint was violated by more than
0.5 A or 5°, respectively, in any of the structures.

Residues 99-210; mean coordinates were obtained by averaging coordi-
nates of the 25 calculated structures, which were first superposed using
backbone atoms (N, Co, C) of residues 99-210.
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AR transactivation in these assays. Immunoblot analysis con-
firmed that the differences in activity of wild type and mutant
BAGIL proteins were not attributable to differences in levels of
expression. We conclude therefore that the contact residues
required for interaction of BAG1 with Hsc70 are critical for the
function of this protein in cells.

Structural similarity of BAG1 and syntaxin

BAG-family members bind to a variety of intracellular proteins
and regulate diverse cellular processes including cell division,
survival and migration. Members of this family link cell signal-
ing to molecular chaperones, altering cellular pathways by
changing protein conformation. Using the BAG1 structure, the
database of known three-dimensional structures was searched
with the program DALI? for similar folding patterns. A striking
similarity (see Fig. 1d) was noted with the syntaxin protein2425,
Syntaxins are members of a large family of related proteins that
are key components in protein trafficking. The N-terminal
region of syntaxin is an independently folded antiparallel three-
helix bundle that participates in protein—protein interactions. A
hydrophobic groove between helices 2 and 3 on the surface of
syntaxin lined by conserved residues can accommodate interac-
tions with another helix in a distal portion of the molecule. This
helix is ‘swapped” when the molecule associates with SNARE
complexes at the plasma membrane?. The structural similarities
with BAG1 suggest that BAG domains may participate in similar
protein—protein interactions, adapting to molecular exchange of
o-helices. Future studies may reveal molecular interfaces in
BAG-binding proteins that are complementary with BAG
domains, and which may modulate Hsc70/BAG1 interactions.

Note added in proof: While this manuscript was under review, a
study of the BAGI-interacting surface of Hsc70 ATPase domain
using peptide libraries was reported®. Also, the crystal structure of
BAGI in complex with nucleotide-free Hsc70 ATPase domain was
published?”. BAGI residues that interact with the ATPase domain
in the crystal structure are located on 02 and a3, as suggested by
chemical shift experiments in the present study. The contact sur-
faces colored here in Fig. 3 include most of the residiies seen at the
interface in the crystal structure, with the exception of residues in
the N-terminal lobe of the ATPase domain. For direct comparison
with the crystal structure, the reader should add 55 to the BAG1
sequence number used in our NMR study.
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Methods

NMR spectroscopy. A recombinant fragment containing residues
90-219 of murine BAG1 was purified essentially as described for a
longer construct'>. NMR samples contained 1-2 mM *N-, 3¢/'SN- or
2H/15N-labeled protein in 10 mM potassium phosphate buffer, pH 7.2,
25 mM KCl, 1 mM DTT and 1 mM EDTA in 90% H,0/10% D,0. Spectra
were acquired at 37 °C on a Bruker 500MHz and Varian 500, 600 and
750 MHz spectrometers. The data were processed and analyzed with
Felix 98.0 (Molecular Simulations, inc.). *H, *N and 3C assignments
were established based on CBCA(CO)NH, HNCACB, HNCO,
CBCACOHA, C(CO)NH, H{CCO)NH, HCCH-TOCSY (HB)CB(CGCD)HD,
13¢/'sN-edited NOESY, 4D *N-edited NOESY and HNCACB optimized
for Asn and GIn NH, groups. Distance restraints were obtained from
3D 5N-edited NOESY and 3D 3¢/'SN-edited NOESY. ¢ and y dihedral
angle restraints were generated with TALOS®. Structures were calcu-
lated with the torsion angle dynamics simulated annealing protocol
implemented in CNS 1.0 (ref. 29) using restraints for 1,567 interpro-
ton distances (98 long range, 5 < |i — j|, 267 medium range, 2 <
li — jl £ 4, 363 sequential and 839 intraresidual), 168 hydrogen bond
distances, and 88 ¢ and 86 y dihedral angles. Statistics for 25 final
structures are summarized in Table 1.

Chemical shift experiments and computer modeling. Helix-
nucleated peptides representing helical regions of the ATPase
domain of human Hsc70 predicted to bind to BAG1 were synthe-
sized using a protocol described in ref. 30. Helix-nucleation was
introduced to stabilize the helical nature of the synthetic peptides,
corresponding with the known conformation in the protein's'6, The
CD spectra for the nucleated peptides were consistent with
enhanced helicity3® relative to control linear peptides. 'H-'*N HSQC
spectra were recorded for “N-labeled BAG1 solutions containing
varying concentrations of peptide. Most pronounced resonance
shifts of BAG1 amides were noted and mapped onto the structure.
To model the binding surfaces in a BAG1-Hsc70 complex, docking of
BAG1 to Hsc70 ATPase domain (PDB accession number 1NGA)** was
performed manually to visually optimize geometric fit and inter-
molecular distance between contact residues identified from the
HSQC experiments and surface residues on the ATPase domain.
Docking was directed to contact regions predicted from homology
modeling®.

Plasmids. Mutations in BAG1 were generated by two-step PCR-
based mutagenesis using a full length murine BAG1 <DNA
(SN 245-9) (ref. 31) as template. Products were purified by QiaQuick
gel extraction kit (Qiagen), subcloned into the TOPO TA vector
(Invitrogen) and sequenced. The fragments were subcloned into
either pGEX4T-1 for expression as mutant GST-fusion proteins or
into pJGA4-5 for yeast two-hybrid assays. Mutations in Hsc70 were
made by the same methods, using a cDNA encoding the ATPase
domain'. :

Protein interaction assays. For yeast two hybrid assays?, the
yeast EGY48 strain was cotransformed with pJG4-5 plasmids encod-
_ing wild type or mutant BAG1/B42 transactivation domain fusion
proteins, pGilda plasmids encoding Hsc70 ATPase/LexA DNA-bind-
ing domain fusion proteins and a B-galactosidase reporter gene
(pSH18-34 or pRB1840).

For in vitro binding assays, DH5a cells were transformed with
pGEX4T-1 plasmids encoding wild type or mutant GST-BAG1 fusion
proteins. After induction at room temperature with 0.1 mM IPTG,
cells were lysed by sonication, and expressed proteins were isolated
from lysates by affinity purification on glutathione-Sepharose
(Pharmacia). In vitro translated 3%S-methionine labeled Hsc70
ATPase domain' (1 pl) was mixed with 5 pg immobilized mutant
GST-BAG1 fusion proteins, along with negative controls.
Alternatively, GST-Hsc70 ATPase domain was produced and immobi-
lized on glutathione-Sepharose and then mixed with in vitro-trans-
lated 355-BAG1 or negative control proteins. After 1 h incubation at
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4 °C, beads were washed extensively and then subjected to SDS-
PAGE electrophoresis to detect bound protein.

Reporter gene assays. Cos-7 cells (3 x 10? cells/well in 12-well
plates) were transfected as described' with fixed amounts of
0.06 ng of pSG5-AR, 0.5 pg of pLCi, 0.04 ug of pCMV-BGal and
increasing amounts of pcDNA3-BAG1L, wild type and mutant plas-
mids. Total DNA was maintained at 1.1 ug by the addition of empty
plasmid. After 30 hrs, cells were stimulated with 1 nM R1881 for
10 h. Cell extracts were prepared and assayed for CAT and
B-galactosidase activity at 40 h after transfection, expressing data as
a ratio of CAT:B-galactosidase.

Coordinates. The coordinates have been deposited in the Protein
Data Bank with accession code 116Z.
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